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Events during migration can have profound impacts on the reproduction and survival of 
migratory birds. Models predict that refueling rate during stopover is a major 
determinant of overall migration speed and success and is indicative o f stopover habitat 
quality. The measurement o f refueling performance, however, has proven difficult. 
Plasma metabolites (mainly triglyceride, B-OH butyrate) measure body mass changes 
with small numbers o f single captures, thus avoiding some o f the shortcomings o f 
traditional methods. The major objectives of my research were to 1) test the effects diet 
type, diet lipid content and diet lipid composition on the predictive relationships between 
metabolites and mass change, 2 ) determine the utility o f plasma phospholipids and 
plasma triglyceride:phospholipid ratio as indicators of mass change and diet lipid quality, 
respectively, and 3) utilize plasma metabolites to aid in the assessment o f avian stopover 
habitat quality. I found that the predictive relationship between metabolites and mass 
change in captive birds were unaffected by diet type and diet lipid content. The 
predictive relationship between plasma triglycerides and mass change was also 
unaffected by diet lipid composition, suggesting that triglycerides are the most reliable 
indicator o f mass changes in wild birds. Plasma phospholipids did not improve 
techniques used to predict mass change, but the plasma triglyceride:phospholipid ratio 
did provide insight into diet lipid composition. Additional research is needed to elucidate 
the role o f phospholipids in avian metabolism and fat deposition. My field studies 
compared stopover habitat quality for migrating Wilson’s Warblers {Wilsoniapusilla) 
between native cottonwood (Populus spp.) / willow (Salix spp.) and invasive saltcedar 
(Tamarix ramosissima) dominated riparian zones along the San Pedro River in Arizona. 
Refueling performance was higher in saltcedar while food resources were higher in native 
habitat. Detections o f Wilson’s Warblers did not differ between habitats, but Detections 
o f potential competitors were higher in native habitat than in saltcedar, suggesting that 
release from interspecific competition in native habitats may allow for higher fattening 
rates in saltcedar. Plasma metabolite profiling can and reliably measure refueling 
performance in wild birds. In conjunction with information on predation and competition 
metabolites can provide valuable insight in avian stopover ecology.
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Chapter I. Physiological assessment of avian refueling performance: am 
introduction
Events during migration have great potential to affect bird populations, yet 
migration remains one o f the least understood components o f the avian life cycle (Hutto 
1998). Many bird species migrate several thousand kilometers between wintering areas 
and breeding sites. In most cases, birds are unable to deposit enough nutrient stores 
(mainly fat) to complete their journey in a single flight, and must stop periodically to 
refuel. Migrants often operate under intense time constraints. Early arrival at breeding 
grounds increases reproductive fitness in many neotropical migrant species (e.g. Cristol 
1995). Thus, selection will operate to minimize time spent migrating. Optimal avian 
migration models predict that under time-minimizing selective pressures, refueling rate is 
a major determinant o f migration speed and success (Alerstam and Lindstrom 1990), and 
differences in stopover site quality will be reflected in rates o f mass gain (Weber et al. 
1998). Thus, fuel deposition rate is a useful measure o f stopover habitat quality.
Fuel deposition rate however, has proven difficult to measure in wild birds, and 
usually requires a large capture effort. In some studies, the rate o f mass gain has been 
determined from the change in body mass o f birds captured more than once (Moore and 
Kerlinger 1987). Unfortunately, this method suffers from a low probability o f recapture 
(often 5 —10 %), resulting in small sample sizes relative to capture effort. Other 
difficulties with the recapture method include a bias towards recapturing lean or low 
quality individuals that remain at the site longer (Yong et al. 1998), and the potential for 
stress from the first capture to affect mass development between captures (Dunn 2000). 
A second technique exploits the fact that many migrants, such as day-feeding songbirds,
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
gain mass steadily through the daylight hours. The rate o f mass gain is determined from 
the regression slope o f the relationship between absolute body mass o f  birds captured 
once and their time o f capture (Winker et al. 1992, Yong et al. 1998, Dunn 2000). While 
free o f the biases o f recapture, this method requires large sample sizes to obtain estimates 
o f mass gain at each site.
Selected plasma metabolites provide instantaneous rates o f mass change from 
small number o f  single captures (Schaub and Jenni 2001, Guglielmo et al 2002a, 
Ydenberg et al. 2002, Guglielmo et al. in press). During feeding, plasma triglyceride 
levels increase, while levels o f metabolites related to lipid mobilization (e.g. glycerol, B- 
OH-butyrate) decrease (Jenni-Eiermann and Jenni 1994). Field studies have confirmed 
the utility o f plasma metabolites to assess refueling rates between stopover sites (Schaub 
and Jenni 2001, Guglielmo et al. 2002a, Ydenberg et al. 2002, Guglielmo et al. 2005).
No study has yet compared refueling performance between stopover habitat types using 
plasma metabolite profiles.
Further study is needed to improve the metabolite profiling method. Prior studies 
demonstrating the relationship between plasma metabolites and body mass changes have 
been conducted solely with insectivorous species (Jenni-Eiermann and Jenni 1994, 
Williams et al. 1999, Jenni and Schwilch 2001). It has not been demonstrated that these 
relationships hold in frugivorous and granivorous species. In addition, most plasma 
metabolites that are measured are lipid derivatives and could be affected by diet lipid 
content. Previous research has also focused on triglycerides as the sole mode o f  transport 
for dietary fatty acids to the liver and fat stores (Jenni-Eiermann and Jenni 1994,
Williams et al. 1999, Jenni and Schwilch 2001). Recent findings suggest that
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
phospholipids may be a significant, but previously overlooked pathway for dietary fatty 
acid transport (Guglielmo et al. 2002b). Therefore, researchers may be missing a large 
portion o f  the fats being deposited by only measuring plasma triglyceride levels. 
Moreover, studies o f invertebrate species show that total body phospholipids reflect the 
size of the organism, while triglycerides indicate the amount o f lipid storage, and that the 
triglyceride:phospholipid ratio reflects the nutritional condition o f the invertebrate (Hill et 
al. 1992). In avian plasma, this same ratio could provide information on the lipid quality 
o f the diet (Guglielmo et al. 2002b).
Riparian zones in the arid southwestern United States are used extensively as 
preferred stopover sites by refueling vernal migrants (Hehnke and Stone 1979), and 
support more bird species than all other western vegetation types combined (Knopf et al. 
1988). However, riparian habitats comprise less than 1% of the landscape in the 
southwestern United States, and have been altered significantly by human activities such 
as water diversion for agricultural purposes, grazing, channelization, and recreational 
development (Ohmart 1994). Exotic saltcedar {Tamarix ramosissima) has invaded much 
o f the remaining riparian zones, and has become the dominant vegetation type o f riparian 
communities in many areas o f the southwest (Anderson et al. 1977). Monotypic stands o f 
saltcedar are thought to have detrimental effects on streams, consuming water at a high 
rate and slowing the flow o f water, causing increased sedimentation and narrowing o f 
channels (DeLoach et al. 2000). Secretion o f salt from the leaves of saltcedar increases 
the surface soil salinity, thus inhibiting recruitment o f native plants. Consequently, 
saltcedar invasion has resulted in the near total replacement o f native riparian vegetation 
by monotypic stands o f saltcedar along the Gila river in Arizona, the lower Colorado
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
river and the middle Rio Grande river (Turner 1974, Howe and Knopf 1991, Busch and 
Smith 1995).
The displacement o f cottonwood/willow riparian community types by monotypic 
stands o f saltcedar may be problematic for avian populations. Fruit and seed o f saltcedar 
species are thought to be o f little value to birds, and insect abundances and diversity are 
thought to be low within saltcedar-dominated riparian communities (DeLoach et al.
2000). Results from studies o f avian responses to exotic saltcedar have been mixed. 
Several studies suggest that saltcedar provides poor avian habitat in the southwestern 
United Sates and Australia (Anderson et al. 1977, Hunter et al. 1985, Griffin et al. 1989). 
Other research has found similar avian diversities and assemblages between saltcedar and 
native riparian communities (Ellis 1995). Thus, although the importance o f southwestern 
riparian ecosystems to avian communities is well recognized, better understanding of 
avian responses to different riparian communities is desperately needed.
This study sought to improve plasma metabolite techniques by testing 1) the 
effects o f diet type and diet lipid content on the predictive relationships between plasma 
metabolites and mass change, 2 ) the utility o f plasma phospholipids to predict mass 
change and 3) the utility o f plasma triglyceride:phospholipid ratio as an indicator o f diet
lipid quality. In addition, plasma metabolite profiles were applied to measure fat/
deposition rates between stopover habitat types (saltcedar versus native 
cottonwood/willow) and provide insight into the avian responses to invasive saltcedar 
during migratory periods.
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C hapter IL Plasm a m etabolite profiling: effects of diet type and lipid content on the
prediction of body mass changes in wild birds
ABSTRACT
Plasma metabolite concentrations can be used to determine refueling performance 
of wild birds. The relationship between metabolites and body mass changes has been 
demonstrated only in captive insectivorous species. The most commonly measured 
metabolites (triglyceride, glycerol and B-OH butyrate) reflect lipid metabolism and could 
therefore be sensitive to dietary lipid content. I tested the effects o f natural dietary habit 
and diet lipid content on the predictive relationships between metabolites and body mass 
changes in three species o f  captive passerines. Rate o f mass gain was positively related 
to triglycerides in a captive frugivore (Cedar Waxwing; Bombycilla cedrorum) and a 
granivore (White-crowned Sparrow; Zonotrichia leucophrys). Rate o f mass gain was 
negatively related to B-OH butyrate in waxwings, but related non-linearly to mass gain in 
sparrows. Plasma glycerol was negatively related to rate o f mass gain in waxwings but 
not in sparrows. Plasma phospholipids were related positively to rate o f mass gain in 
sparrows, but were not related to mass change in waxwings. Rate o f mass gain was 
positively related to triglycerides and negatively related to B-OH butyrate in Yellow- 
rumped Warblers {Dendroica coronata)^ and there was no effect o f diet lipid content (9% 
vs. 28% dry mass) on the predictive relationships. Plasma metabolites are predictive o f 
mass changes in wild birds regardless o f diet type or diet lipid content, however 
comparisons between species should be viewed with caution.
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During migratory periods, many avian migrants traverse thousands o f kilometers 
between breeding and wintering areas. Most birds cannot complete their journey in a 
single endurance flight, and must stop to replenish nutrient stores. Models predict that 
refueling rate during stopover is a major determinant o f migration success, and thus, can 
affect overall survival and reproduction (Alerstam and Lindstrôm 1990, Alerstam and 
Hedenstrôm 1998, Weber et al. 1998). Migrants that replenish nutrient stores quickly 
during stopover will minimize total time spent migrating, increase the probability o f early 
arrival on breeding or wintering grounds and decrease time spent in unfamiliar territory 
(Francis and Cooke 1986, Lindstrom and Alerstam 1992). Weber et al. (1998) contend 
that fuel deposition rate is an effective measure o f stopover habitat quality. Measurement 
o f refueling rate in free-living birds, however, has proven difficult. Techniques 
commonly used to estimate fuel deposition rate such as recapture analysis (Biebach et al. 
1986, Moore and Kerlinger 1987, Schaub and Jenni 2000) and mass versus time o f day 
regression (Winker et al. 1992, Yong et al. 1998, Dunn 2001), require large sampling 
efforts and have associated capture biases (Guglielmo et al. in press). Recently, plasma 
metabolite profiling has received attention as a physiological technique to indicate body 
mass change in wild birds and avoid the difficulties and some o f the short-comings o f 
traditional methods (Guglielmo et al. in press).
Plasma metabolites provide instantaneous measures o f refueling rate from birds 
captured only once. Circulating metabolites, in particular those related to fat deposition 
and mobilization, reflect metabolic state (feeding, fasting). Triglyceride (TG) is the 
major storage and transport form o f lipids absorbed in the gut or synthesized in the liver, 
and plasma levels increase during feeding and fat deposition. During periods o f lipid
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mobilization (fasting and exercise) adipocytes release free fatty acids and glycerol 
(GLYC), increasing GLYC levels in the bloodstream (Ramenofsky 1990). Levels o f 
plasma B-OH butyrate (BUTY), a ketone body prevalent when lipid mobilization is high 
and carbohydrate stores low, increase during fasting and exercise (Robinson and 
Williamson 1980). These metabolites are predictive o f mass changes in captive 
passerines and shorebirds (Jenni-Eiermann and Jenni 1994, Williams et al. 1999, Jenni 
and Schwilch 2001), and several field studies have used this method to compare refueling 
rates between migratory stopover sites with relatively small capture efforts (Schaub and 
Jenni 2001, Guglielmo et al. 2002a, Ydenberg et al. 2002, Seaman 2003, Guglielmo et al. 
in press). Additionally, previous studies suggest that plasma phospholipids (PL) are a 
potentially important transport form o f dietary fatty acids and may provide additional 
information on avian fat deposition rates (Guglielmo et al. 2002b, Guglielmo et al. in 
press).
In this study I examine the effects of diet type (fruit, seed) and lipid content on the 
prediction o f body mass changes from plasma metabolite levels. All previous captive 
studies have been conducted with insectivorous species (Jenni-Eiermann and Jenni 1994, 
Williams et al. 1999, Jenni and Schwilch 2001). I hypothesized that plasma metabolites 
would be predictive o f mass changes in granivorous and fugivorous species as well. 
Differences in diet lipid content could affect the relationships between mass change and 
metabolites. I hypothesized that high dietary lipid content would not affect the predictive 
relationships between plasma lipid metabolites and mass change. In addition, I 
hypothesized that the measurement o f plasma PL would improve the predictive 
relationships between mass change and metabolites.
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M ETHODS
Birds. - 18 Cedar Waxwings (Bombycilla cedrorum) and 15 Yellow-rumped 
Warblers (Dendroica coronata) were captured in mist nets along the Bitterroot River, 
Missoula MT, between 20 August -  19 Sept 2003. 19 White-crowned Sparrows 
(Zonotrichia leucophrys) were captured near Mabton, WA on 25 September 2003. 
Waxwings and warblers were housed individually in cages (15” x 18” x 18”) at 21 ±  2 
C®. Sparrows were held in an outdoor aviary for one month prior to being caged as 
above. Each species was maintained on a photoperiod similar to the date in which they 
were brought indoors: waxwings 13:11 L:D, warblers 12:12 L:D and sparrows 11:13 
L;D. Birds were given water ad libitum and 10-30 waxworms per day (Galleria 
mellonella) mixed with appropriate diets for three weeks while acclimating to cages and 
diets.
Experimental and Maintenance Diets. — Semi-synthetic diets contained casein 
(US Biochemicals), olive oil, glucose, and micro-grade agar (US Biochemicals) as a 
binding component, and were supplemented with amino acids, vitamins, and a salt 
mixture (Briggs; ICN Biomedicals). Waxwings were fed a diet nutritionally similar to 
fruit (FRUIT, Table 1) and sparrows were fed a seed mix (Wild Bird Seed, Purina Mills 
USA) during maintenance and experiments. Warblers were maintained on a high protein 
diet nutritionally similar to insects (see HIGH PROTEIN, Table 1) and supplemented 
with waxworms. During experiments, warblers were fed either a low fat (LOW LIPID) 
or high fat (HIGH LIPID) diet, which were similar in protein content but differed in 
carbohydrate and lipid content (Table 1). These diets were similar to those used in other 
studies to maintain passerines in captivity (McWilliams et al. 2002). During maintenance
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Table 1. Composition o f diets fed to Cedar Waxwings and Yellow-rumped Warblers. 
Values are % dry mass with the exception o f water content, which is % wet mass. 
Additionally, all diets had 10% dry mass consisting o f agar, and 8 % as salt and vitamin 
supplements (modified from McWilliams et al. 2002).
Diet Protein Carbohydrate Lipid Water
FRUIT 13% 63% 6 % 85%
HIGH PROTEIN 52% 1 0 % 2 0 % 87%
LOW LIPID 40% 32% 9% 87%
HIGH LIPID 41% 1 2 % 28% 87%
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and recovery periods, warblers were provided with diet ad libitum and 1 0 - 2 0  waxworms 
per day. Little information concerning the lipid content in warbler diets is known, 
although fruits consumed mainly during migration can have high lipid contents (~25%, 
Place and Stiles 1992). My diets were formulated to be markedly different in lipid 
content and include the upper extreme o f diet lipid contents (9% and 28% dry mass) that 
warblers may encounter under natural conditions. Protein is an important dietary 
component during migration (Lindstrom and Piersma 1993); the relative amount of 
protein in the diet may affect mass gain in wild passerines (Bairlein 1998). I desired 
similar mass changes between diets and chose not to vary protein content in synthetic 
diets. Dietary protein, however, should not affect plasma lipid metabolites levels and the 
liver can convert dietary protein into fats for storage (Ramenofsky 1990).
Waxwings and Sparrows. — Waxwings and sparrows were weighed daily between 
3-30 minutes after the start o f the light cycle and at time o f blood sampling. During 
maintenance, all birds were fed once daily (30-60 minutes after the start o f the light 
cycle) and given water and food ad libitum (40g diet for waxwings, 20g seed for 
sparrows). Both species were subject to three mass change manipulations: mass loss, 
mass gain and stable mass. Mass loss was induced by food restriction. Sparrows were 
given a total o f Ig and waxwings lOg food distributed in four-five equal portions per day 
for two to three days prior to blood sampling. Most birds lost 5-15% o f body mass 
during this period. On the day o f blood sampling, sparrows were fed 0.5g total o f seed, 
waxwings 3g total o f  diet divided equally in three to four portions between the start of the 
light cycle and blood sampling. To induce mass gain, food was restricted for two to three 
days as described above, followed by food ad libitum on the day o f  blood sampling.
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Stable body mass was attained by feeding sparrows a total o f 14g and waxwings 30g o f 
food the day before blood sampling. This produced stable body mass for both species 
from the morning before blood sampling to the morning o f  blood sampling. On the day 
o f blood sampling, sparrows were fed Ig total o f seed and waxwings 6 g total o f diet 
divided equally in three to four portions until blood sampling.
Yellow-rumped Warblers.- Birds were weighed and fed daily 3-60 minutes after 
the start o f the light cycle. Birds were randomly assigned to begin the experiment on 
either the LOW LIPID or HIGH LIPID diet; I switched diets so each bird experienced a 
mass loss and a mass gain manipulation on each diet. Mass loss was induced by food 
restriction, a total o f 6 g o f diet in four to five portions per day, for one to two days prior 
to blood sampling. On the day o f blood sampling, birds were fed a total o f 3g o f diet in 
three portions before blood sampling. Birds were induced to gain mass by food 
restriction for one to two days prior to blood sampling, as described above, and given diet 
ad libitum (40g) on the day o f blood sampling. To limit the number o f  blood samples 
taken from an individual I did not blood sample warblers during a stable mass period. 
After switching diets, birds were allowed 10 days to acclimate to the new diet before any 
mass manipulations were performed. Throughout recovery and acclimation periods, 
birds were supplemented with 4-10 waxworms; during mass manipulations birds did not 
receive waxworms.
Bleeding Protocol and Metabolite Assays. - All sample collections and animal 
handling procedures were permitted by the U.S. Fish and Wildlife Service, Montana Fish 
Wildlife & Parks, and approved by the University o f Montana Institutional Animal Care 
and Use Committee (Protocol # ACC 029-03). Approximately 10 % of blood volume
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was collected by brachial venipuncture with a 26-gauge needle. Blood was transferred to 
heparizined microhematocrit tubes, centrifuged at 2 0 0 0  x g for 1 0  min, and the plasma 
was stored in at -80 ®C until analysis. At the time o f sampling, birds were weighed (± 
O.lg) and the time between first handling and blood sampling (bleedtime) was recorded. 
Mass change was calculated as the hourly change in mass between morning o f blood 
sampling and the time o f blood sampling (AMASS). All birds were bled 6 hr after the 
start o f  the light cycle, and given 7-11 days to recover between mass manipulations.
GLYC and TG were measured using undiluted plasma for waxwings and 
sparrows and three fold diluted plasma for warblers. DUTY and PL were measured using 
three fold diluted plasma for all species. Metabolites were assayed on a microplate 
spectrophotometer (Biotec Powerwave X 340) in 400 pi flat-bottom microplates as 
described previously by Guglielmo et al. (2002) and Guglielmo et al. (in press).
Statistical Analysis. — All analyses were performed using PROC MIXED (SAS 
9.0). I did not consider standard repeated measures analysis to be appropriate as there 
was a substantial recovery period between blood sampling events, and thus, 
measurements o f the same individual close in time should not be more correlated than 
measurements farther away in time. In addition, some birds were excluded from certain 
mass manipulations as they did not acclimate to diets quickly, and two warblers died 
during experimental procedures. PROC MIXED allows for missing data, provides 
measurements o f inter-individual variation, and accounts for intra-individual dependence 
of data (Littell et al. 1996). I entered individual as a categorical variable into all models 
as a random blocking factor with a compound symmetric covariance structure. The 
covariance structure assigns the same covariance to all observations of an individual, thus
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accounting for intra-individual dependence in the data. Metabolite concentrations were 
(logio +1) transformed to satisfy normality assumptions. Before testing the relationship 
between metabolites and AMASS, I tested for the effects o f potential covariates (body 
mass and bleedtime) on metabolites using linear mixed models. Residual metabolite 
values from these models were entered as explanatory variables into models to test the 
relationships between AMASS and metabolites. To test for an effect o f diet on the 
relationship between metabolites and body mass changes, residual metabolites, diet and 
an interaction term were entered into models as explanatory variables, and AMASS as the 
response variable. Type one hypothesis tests were used for all models testing the effects 
o f diet lipid content with covariates entered before diet effects. All variables were 
considered significant at p < 0.05. Residual plots were used to assess validity o f model 
assumptions. Residual variances were calculated using the variance components from a 
full model with variable(s) o f interest, holding the random effects (individual bird) 
variance constant and fitting a reduced model excluding the variable(s) o f interest (Feng 
et al, 2001). R-square values were computed from these residual variances.
RESULTS
Covariates.- Plasma TG and BUTY levels were not influenced by bleedtime in 
any species (all P  > 0.16). GLYC was marginally and negatively related to bleedtime in 
warblers (F  i, 33 = 3.95, P  = 0.054), but not in waxwings or sparrows (all P > 0.29). 
Plasma PL levels were marginally and positively related to bleedtime in sparrows (F  1,29 
= 3.87, P  = 0.059), but not in waxwings or warblers (all P  > 0.20). TG levels were 
positively related to absolute body mass at time o f  blood sampling in warblers {F 1, 3s = 
25.24, P  < 0.001) and waxwings (F  1 , 3 5  = 5.45, P  = 0.026), and weakly related in
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sparrows ( f  1,31 = 2.94, P  = 0.096). BUTY levels were negatively related with body 
mass in warblers (F  1,3* = 9.89, P  < 0.004) and waxwings ( F 1, 35 = 12.26, P  < 0.002), but 
not in sparrows (F = 0.110). GLYC levels were negatively related with body mass in 
warblers (F  ,, 33 = 5.49, P  < 0.025) and waxwings ( F ,, 35 = 7.98, P  < 0.008), but not in 
sparrows (F > 0.833). Plasma PL levels were marginally and positively related with 
body mass in sparrows (F  1,29= 3.58, F  < 0.069) and positively related in waxwings ( F 1, 
35 = 8.83, F  < 0.006), but were not related in warblers (F > 0.68). I corrected metabolites 
in all species for body mass, GLYC for bleedtime in warblers and PL for bleedtime in 
sparrows.
Dietary habits (waxwings and sparrows).- AMASS was positively related to 
residual TG in both waxwings (P trig = 2.58, SE  = 0.21, F  1, 3 5 =  149.65, F < 0 . 0 0 1 , =  
0.76, Fig. la) and sparrows (p trig = 0.94, SE = 0.10, F  1,31 = 91.70, F  < 0.001, = 0.68,
Fig. lb) and negatively related to residual BUTY in waxwings (P buty = -2.45, SE  = 0.23, 
F  1,35 = 111.71,F <  0.001, = 0.68, Fig. 2a). Examination o f residual plots showed that
the relationship between AMASS and residual BUTY in sparrows was nonlinear. To 
account for this, I entered the square o f residual BUTY to the model (P buiy = -1 .13,5F = 
0.09, F  , . 29=  150.97, F  < 0.001, p butybuty = 2.48, SE  = 0.52, F  , . 2 9 =  22.52, F < 0.001, r^
= 0.79, Fig. 2b). Residual GLYC was negatively related to AMASS in waxwings (p g,yc = 
-3.97, iSF = 0.51, F  35 = 59.77, F  < 0.001, r^ = 0.53, Fig. 3a) but was not related to 
residual GLYC in sparrows (F  3 , = 1.11 , F  > 0.300, Fig. 3b). Residual PL was 
positively related to AMASS in sparrows (P p, = 1.38, SE  = 0.565, F  ,.29= 5.99, F  <
0.021, = 0.09, Fig. 4b), but not in waxwings ( F 35 = 0.22, F  > 0.645, Fig. 4a). The
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Figure 1. Hourly mass change vs. residual log lo (triglyceride + 1 mmol/L) in a) Cedar
Waxwings and b) White-crowned Sparrows.
1.0
0.8  -
0.6  -
t 0.4 -
1
2
0.2  ■
Ô 0®
»  -0.2 - 
S
-0.4 ■
- 0.6 -
-0.8
-0.3 • 0.2 - 0.1 0.0 0.3 0.40.1
Triglyceride
0.8
0.6  -
**
2  0.4 -
i
0.2  ■
0.0 -
- 0.2  -
•0.4
0.80.60.2 0.40.0- 0.6 -0.4
Triglyceride
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
20
Figure 2. Hourly mass change vs. residual logio(B-OH butyrate + 1 mmol/L) in a) Cedar
Waxwings and b) White-crowned Sparrows.
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Figure 3. Hourly mass change vs. residual loglo(Glycerol + 1 mmol/L) in a) Cedar
Waxwings and b) White-crowned Sparrows.
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Figure 4. Hourly mass change vs. residual logio (Phospholipids + 1 mmol/L) in a) Cedar
Waxwings and b) White-crowned Sparrows.
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combination o f residual TG and residual BUTY in waxwings and residual TG, BUTY 
and its square in sparrows each explained 84% of the variance in AMASS. Neither 
residual GLYC nor PL explained any additional variance in either species.
Diet lipid concentration (warblers).- Neither AMASS {F 1,3»= 0.01, P  > 0.91) nor 
body mass at blood sampling ( F 1,3g = 0.42, P  > 0.53) differed between diets. Residual 
TG was positively related to AMASS (P tng= 0.41, SF = 0.07, F  1,3g = 31.05, P  < 0.001,
= 0.36), and AMASS was negatively related to residual BUTY (P buty = -0.43, SE = 0.08,
F  ,,38  = 28.93, F < 0.001, /  = 0.35) and PL (P p,= -0.83, = 0.15, F  ,.3 6  = 29.46, P <
0.001, = 0.35). Residual GLYC was not related to AMASS ( F 1. 3g = 0.30, P  > 0.58,
Fig. 5a) and no further tests o f diet effects were performed. Residual TG and BUTY 
together explained 40% of the variance in AMASS, and the inclusion of residual PL 
explained 51% of the variance in AMASS. There was no effect o f diet lipid content on 
the intercept or slope o f the relationship between AMASS and residual TG (intercept: F  1. 
36 = 0.60, P  > 0.44, slope: F 1,36 = 0.50, P  > 0.48, Fig. 6 a), BUTY (intercept: F  1,35 =
2.33, F  > 0.13, slope: F  1,36 = 0.15, F  > 0.70, Fig. 6 b) or PL (intercept: F  1,34 = 0.26, F  > 
0.61, slope: F  1,3 4 = 0.89, F  > 0.35, Fig. 5b).
DISCUSSION
The major findings o f  this study were that 1) plasma metabolites can be Used to 
predict body mass changes in fugivorous and granivorous birds; 2) predictive 
relationships between plasma metabolites and mass change differ among species; 3) diet 
lipid content does not affect the relationships between metabolites and mass change in 
Yellow-rumped Warblers; and 4) the role o f  plasma PL in fat deposition remains unclear.
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Figure 5. Hourly mass change vs. a) residual logio (Glycerol + 1 mmol/L) and b) residual 
logic (Phospholipids + 1 mmol/L) in the Yellow-rumped Warbler. Open and closed 
circles denote birds on 9% lipid and 28% lipid diets, respectively. Glycerol was not 
related to body mass changes, and diet lipid content did not affect relationships between 
phospholipids and mass change (see results). Line includes data from both diets.
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Figure 6. Hourly mass change vs. a) residual log,o (Triglyceride + 1 mmol/L) and b) 
residual log,o (B-OH butyrate + 1 mmol/L) in the Yellow-rumped Warbler. Open and 
closed circles denote birds on 9% lipid and 28% lipid diets, respectively. Diet lipid 
content did not affect relationships between metabolites and mass change (see results). 
Lines include data from both diets.
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The replenishment o f depleted nutrient stores may be the most important factor 
influencing successful migration in many migrants (Moore et al. 1995). Thus, avian 
refueling performance and body mass changes are informative measures o f habitat 
quality and overall migration success (Alerstam and Lindstrôm 1990, Alerstam and 
Hedenstrom 1998, Weber et al. 1998), Difficulties in measuring mass changes stem from 
the necessity to capture and sometimes recapture free living birds. In recapture studies of 
refueling rate a small percentage of birds are typically recaptured, individual mass 
changes between capture events are influenced by capture stress and estimates o f body 
mass changes may be biased because o f increased probability o f recapturing lean 
individuals that may remain at a site longer (Guglielmo et al. in press). Mass versus time 
of day regression techniques do not require recapturing individual birds, and rely on the 
principle that birds refueling during stopover increase mass throughout daylight hours 
(Winker et al. 1992), Slopes, however, only provide information on refueling rate at the 
population level. In addition, large sampling efforts are required, and this technique is 
not suitable for species that rely on conditions other than daylight (e.g. tides) for foraging 
opportunities (Guglielmo et al. in press). Plasma metabolite profiling has been used to 
compare refueling performance between and among stopover sites with small numbers of 
migrants caught only once (Schaub and Jenni 2001, Guglielmo et al. 2002a, Ydenberg et 
al. 2002, Seaman 2003, Guglielmo et al. in press. Chapter 4).
Effects o f  dietary habits 
My results extend the relationship between metabolites (TG and BUTY) and mass 
change to frugivorous and granivorous passerines. My results suggest that regardless o f 
nutrient intake, nutrients are converted to a similar mix o f fat, protein, and carbohydrates
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for storage. I contend that plasma metabolites can be a valuable technique in stopover 
ecology to compare physiological condition and body mass changes in wild birds, 
regardless o f dietary preference. The relationship between rates o f mass change and 
specific metabolites can differ markedly between species, however, necessitating caution 
in interspecific comparisons o f refueling rates using plasma metabolite profiles. Here, 
although slopes of the relationship between AMASS and residual TG were positive in 
waxwings, sparrows, and warblers, they differed more than six-fold (2.58 in waxwings to 
0.41 in warblers, see results). Similar differences are evident in the relationship with 
BUTY and rates o f mass change (-2.45 in waxwings to -0.43 in warblers, see results).
The non-linear relationship found between residual BUTY and AMASS in 
sparrows was unexpected given experiments documenting a linear relationship in a 
shorebird (Williams et al. 1999), two Old World warblers (Jenni-Eiermann and Jenni 
1994, Jenni and Schwilch 2001), a frugivore (this study), and a Dendroica warbler (this 
study). A linear model describing the relationship between BUTY and mass change may 
be appropriate only for a subset o f the range o f mass changes measured, or simply may 
not be appropriate to predict body mass changes in this species. In my study, residual 
BUTY was linearly related to AMASS between 0.5 g/hr and around 0.1 g/hr, but not 
below 0.1 g/hr (see Fig. 2b). Residual BUTY was linearly related to rate o f mass change, 
however, when mass change was calculated as the change in body mass between the 
morning o f  the day o f  blood sampling to the morning o f the day after blood sampling (P 
buty = -6.88, SE  = 0.6631, F* 1,28= 107.63, P  < 0 .0 0 1 ,/=  0.70). Stress from capture, 
handling and fasting are known to increase BUTY levels rapidly in free-living birds 
(Jenni-Eiermann and Jenni 1997, Guglielmo et al. 2002a). Coupled with behavioral
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modifications that could mitigate mass loss, stress levels may have affected the 
relationship between AMASS and residual BUTY levels while not affecting the 
predictive relationship between BUTY and body mass changes over a longer time frame. 
Further study would be needed to determine if  the non-linear relationship found in 
sparrows is an example o f a dietary effect on plasma metabolites, or an isolated result 
specific to my captive conditions and experimental protocols.
In warblers, the relationship between the combination o f  TG and BUTY with 
AMASS was weaker than in waxwings and sparrows. This may, in part, be due to a 
smaller range o f mass changes, as warblers experienced only two mass manipulations on 
each diet and did not achieve absolute body mass increases that were as great as the other 
species. Additionally, warblers could not maintain mass solely on semi-synthetic diet 
and had to be supplemented with waxworms. Previous studies with captive warblers 
have encountered similar difficulties (S. R. McWilliams, pers. comm.). Such occurrences 
may be due to reduced likelihood or ability to uptake, store, or use nutrients from 
synthetic diets. As plasma metabolites have been shown to change rapidly (i.e. within 
minutes) in small passerines (Zajac et al. submitted)^ supplementary waxworms 
consumed days before blood sampling likely had no effect on plasma metabolite levels. I 
suggest that the weaker relationship between metabolites and AMASS in warblers is 
likely a consequence o f stress from captive conditions and diets, a smaller range o f mass 
change, and inter specific differences in plasma lipid metabolite levels.
In previous captive studies, rates o f mass change over the several hours preceding 
a blood sampling event, over a two-day period prior to blood sampling and over a period 
encompassing several days before and after a blood sampling event were used in analyses
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o f the predictive relationships between metabolites and mass changes (Jenni-Eiermann 
and Jenni 1994, Williams et al. 1999, Seaman 2003). Body mass changes occurring after 
a blood sampling event, however, may be influenced by handling, bleeding, or other 
stressors. Jenni and Schwilch (2001) found that mass change after blood sampling was 
not significantly correlated with TG or BUTY levels in Reed Warblers (Acrocephalus 
scirpaceus). Moreover, there is ample evidence demonstrating that plasma metabolites 
change rapidly (i.e. within minutes) in response to stress and feeding regime (Jenni- 
Eiermann and Jenni 1997, Zajac et al. submitted). Therefore, body mass change from the 
morning o f blood sampling until the blood sampling event was deemed most appropriate 
in my analyses.
Plasma Glycerol
Previous captive studies have considered plasma GLYC to be an informative 
indicator o f mass loss because it is released along with fatty acids by adipocytes during 
lasting and exercise (Williams et al. 1999, Seaman 2003). Recent findings, however, 
suggest that GLYC may exhibit a dual role in lipid metabolism; plasma GLYC was 
elevated at low and high TG levels in vemally migrating passerines (Guglielmo et al. in 
press). The resulting U-shaped curve suggests that the relationship between GLYC and 
body-mass changes may be linear only between certain rates o f mass change (Guglielmo 
et al. in press). Results presented here further illustrate the problems associated with 
including plasma GLYC in analyses o f metabolites; residual GLYC was negatively 
related to rate o f mass change in waxwings, but not in sparrows or warblers. Most likely, 
rates o f mass change in waxwings were within the range in which the relationship 
between residual GLYC and body mass change is linear for this species, but mass
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changes in sparrows and warblers were outside o f this range. While free GLYC must be 
measured and subtracted from total GLYC to calculate plasma TG levels correctly, I 
caution against the use o f GLYC in future studies involving plasma metabolite profiles.
Plasma Phospholipids 
In studies of plasma metabolite profiles, plasma PL levels have been mostly 
overlooked as a pathway for dietary fatty acids during fat deposition. A recent study of 
Western Sandpipers (Calidris m auri\ however, found elevated levels o f plasma PL 
during migratory periods and higher plasma levels o f PL than TG during spring 
migration, suggesting that the measurement o f plasma PL may more closely reflect lipid 
deposition and improve the predictive relationships between plasma metabolites and body 
mass changes (Guglielmo et al. 2002b). My results are mixed; plasma PL levels did 
improve models predicting body mass changes in warblers, but were negatively related to 
rate of mass gain (see results). Additionally, PL levels did not relate to mass change in 
waxwings. In sparrows, PL was positively related to mass gain, but did not improve the 
predictive relationships between metabolites and mass change. The relationship between 
plasma PL levels and body mass changes may depend on the range o f mass change 
examined. For example, plasma PL may relate negatively to mass gain during periods of 
mass loss, and positively during periods o f  mass gain. In addition, diet may affect the 
relationship between PL and mass gain (Chapter 3). Further research is needed to 
determine the role o f PL in lipid metabolism and its utility in plasma metabolite profiles 
measuring refueling performance in wild birds.
Effects o f  diet lipid content
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Although plasma TG and BUTY levels are predictive o f body mass changes in 
several avian species (Jenni-Eiermann and Jenni 1994» Williams et al. 1999, Jenni and 
Schwilch 2001), they are more directly linked to lipid metabolism, and may be affected 
by diet lipid concentration. In a recent study o f captive Western Sandpipers, birds fed a 
low lipid diet had higher plasma TG levels than those fed a high lipid diet and body mass 
changes measured over a period o f 4-10 days were not related to plasma TG levels in 
birds on either diet (Seaman 2003). Lipid metabolites, however, change rapidly (i.e. 
within minutes) in response to alterations in feeding regime (Zajac et al., submitted), and 
mass changes measured over 4-10 days may not be appropriate for evaluating plasma 
metabolite levels and the relationships between metabolites and body mass changes. I 
found no effects o f diet lipid content on the relationship between AMASS and residual 
TG in warblers. While dietary lipids can be transported in the form o f TG by 
portomicrons directly to adipocytes, dietary carbohydrates, lipids and protein are also 
converted by the liver into TG and subsequently transported to adipocytes via very-low- 
density lipoproteins (Ramenofsky 1990). My results suggest that birds can readily 
convert dietary carbohydrates and protein to TG for fat deposition during mass gain.
Also implied is that differences in the relationship between TG and body mass changes 
among species (see above) are likely a result o f intrinsic differences in lipid metabolite 
levels rather than differences in diet composition. Additionally, diet did not affect the 
relationship between plasma TG levels, an indicator o f lipid deposition, and body mass 
changes suggesting that composition o f overall nutrient stores does not change 
concomitantly with alterations in diet composition.
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Cannes (2001) attributed differences in BUTY levels found among eight free- 
living migrant species to differences in diet composition which influenced fuel substrate 
used during migration. Refueling rates, however, were not directly measured and 
comparisons were made across species (Cannes 2001). Preliminary data from a study of 
White-throated Sparrows (Zonotrichia albicollis) suggests that diet type (fruit or seed) 
affected plasma BUTY levels (S. Smith pers. comm.). Additionally, in White-crowned 
Sparrows, alterations in diet lipid composition (TC and PL) affected the relationship 
between plasma BUTY and body mass changes (Chapter 3). In the present study, 
however, diet lipid content did not affect the predictive relationship between BUTY and 
body mass changes. This suggests that both TC and BUTY can be used to measure 
refueling performance in free-living birds when information concerning diet lipid content 
is unknown. Plasma TC, however, may be more reliable in predicting body mass 
changes. Further research is needed to elucidate diet effects on BUTY levels in wild 
birds.
Conclusions
There is growing evidence that plasma metabolites are predictive o f overall body 
mass changes under captive conditions (Jenni-Eiermann and Jenni 1994, Williams et al. 
1999, Jenni and Schwilch 2001). My results augment prior findings and expand the 
relationship between metabolites and body mass change to granivorous and frugivorous 
birds. In addition, I demonstrate that the relationship between metabolites and mass 
changes is unaffected by diet lipid content. My findings strongly support the use of 
plasma metabolite profiling as a measure o f  body mass change even in circumstances 
where information concerning diet composition is incomplete or unknown. I encourage
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widespread employment o f this technique in field and captive conditions. When applied, 
plasma metabolites can prove valuable in addressing questions related to habitat quality, 
individual fattening rates, fuel use, as well as factors influencing body condition.
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Chapter III. Plasma phospholipid levels and triglyceride:phospholipid ratio as 
indicators of fat deposition and diet lipid quality in avian migrants
ABSTRACT
Plasma lipid metabolites are useful indicators o f mass changes in wild birds. 
Plasma triglycerides are the main transport form o f dietary fatty acids during fat 
deposition, but plasma phospholipids may represent an overlooked pathway for dietary 
fatty acids during refueling. Plasma triglyceride:phospholipid ratio could provide 
valuable insight into diet lipid quality. In addition, effects o f diet lipid composition on 
the predictive relationships between metabolites and body mass changes have yet to be 
tested. I studied captive White-crowned Sparrows {Zonotrichia leucophrys) that were fed 
diets differing in phospholipid content and triglycerideiphospholipid ratio. Plasma 
phospholipid levels were higher and plasma triglyceride:phosphpolipid ratio was lower in 
birds that were fed a diet higher in phospholipid content and lower in triglyceride 
iphospholipid ratio. Plasma triglycerides were positively related, and plasma glycerol, 
phospholipids and B-OH butyrate were negatively related to rate o f mass gain. Diet lipid 
composition did not affect the predictive relationships between triglyceride or 
phospholipid and mass changes. For a given plasma glycerol or B-OH butyrate 
concentration, mass gain was predicted to be higher in birds fed a diet higher in 
phospholipids. Plasma triglycerides appear to be the most reliable metabolite predicting 
body mass changes in wild birds. Plasma phospholipids and triglyceride iphospholipid 
ratio provide information on diet phospholipid content and diet lipid quality, respectively. 
More research is needed, however, to elucidate the role o f phospholipids in avian lipid 
metabolism and fat deposition.
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Migration serves as the link between wintering and breeding grounds for many 
avian species. The high exercise intensities necessary for migratory flights are mainly 
fueled by fat (McWilliams et al. 2004). For most birds, lipid stores in muscle and 
adipose tissue cannot fuel non-stop flight for the duration of their migratory journeys, and 
birds must stop periodically to rest and replenish nutrient stores. Refueling rate during 
stopover has important effects on the overall speed and success o f  migration and, thus, 
reproduction and survival in migrants (Alerstam and Lindstrôm 1990, Lindstrôm and 
Alerstam 1992, Weber et al. 1994, Alerstam and Hedenstrom 1998, Weber et al. 1998). 
Migration optimization models predict that refueling rate is a reliable measure of 
migratory stopover habitat quality (Weber et al. 1998).
Plasma metabolite profiling has been used to assess the refueling performance o f 
wild birds (Jenni-Eiermann and Jenni 1994, Williams et al. 1999, Jenni and Schwilch 
2001, Guglielmo et al. 2002a, Guglielmo et al. 2002b, Ydenberg et al. 2002, Guglielmo 
et al. in press. Chapter 4). Circulating metabolites reflect metabolic state (i.e. feeding or 
fasting); metabolites related to lipid deposition (triglycerides; TG) increase during 
feeding and fat accumulation while those related to lipid mobilization, B-OH butyrate 
(BUTY) and glycerol (GLYC), increase during fasting and exercise (Ramenofsky 1990). 
Captive experiments have validated the predictive relationship between metabolites and 
body mass changes in several avian species (Jenni-Eiermann and Jenni 1994, Williams et 
al. 1999, Jenni and Schwilch 2001, Chapter 2) and recent field studies have demonstrated 
the value o f plasma metabolite profiling as a measure o f refueling performance in free- 
living birds (Schaub and Jenni 2001, Guglielmo et al. 2002a, Ydenberg et al. 2002, 
Seaman 2003, Guglielmo et al. in press. Chapter 4).
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Most fatty acids are ingested by birds in the form of TG, phospholipids (PL), free 
fatty acids and waxes (Klasing 1998). Triglycerides are thought to be the most common 
form o f  dietary fatty acids, free fatty acids are not found in high concentrations in most 
food items and waxes may only be important to select species such as pelagic seabirds 
and seasonal frugivores (Place 1992, Place and Stiles 1992, Klasing 1998). Plasma TO 
levels reflect both dietary lipids absorbed in the gut and lipids synthesized de novo in the 
liver (McWilliams et al. 2004). Prior studies have assumed TO to be the principal mode 
of fatty acid transport to the liver and adipose storage sites (Jenni-Eiermann and Jenni 
1994, Williams et al. 1999, Jenni and Schwilch 2001, Schaub and Jenni 2001, Guglielmo 
et al, 2002a, Seaman 2003). A significant amount of dietary fatty acids, however, can be 
ingested as PL (Guglielmo et al. 2002b) and be absorbed and resynthesized into PL for 
transport through the bloodstream (Scow et al. 1967, Subbaiah et al. 1970, Klasing 1998, 
Phan and Tso 2001). Thus, the measurement o f plasma TG levels only may neglect a 
significant portion o f fatty acids destined for fat deposition. Prior research exploring the 
role o f PL during fat deposition has been inconclusive, but has suggested that plasma PL 
may provide valuable information in studies o f avian refuelling performance (Guglielmo 
et al. 2002b, Guglielmo et al. in press).
In invertebrates, total body TG is indicative o f the amount o f  lipid storage while 
PL is associated with structural membranes and is a function o f absolute body size (Hill 
et al. 1992). Thus, TG:PL ratio reflects the nutritional quality o f the invertebrate (Hill et 
al. 1992). I f  diet TG:PL ratio affects the TG:PL ratio in avian plasma, then plasma 
TG:PL ratio could provide some valuable insight into diet lipid quality (Guglielmo et al. 
2002b). In addition, most metabolites used to predict body mass changes in birds are
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lipid derivatives and thus may be affected by the types o f lipids in the diet. The effects of 
diet lipid composition on the relationships between lipid metabolites and mass change, 
however, have yet to be tested.
I studied captive passerines that were fed synthetic diets differing in PL content 
during increases and decreases in mass. I measured plasma lipid metabolites to test if 
plasma PL levels increase during fat deposition and are a reliable indicator o f overall 
body mass changes. In addition, I tested the effects of diet lipid quality on the predictive * 
relationships between plasma metabolites (TG, PL, B-OH butyrate and glycerol) and 
body mass changes. My diets also differed in TG:PL ratio and so I tested if  plasma 
TG:PL ratio reflects diet TGiPL ratio.
METHODS
Birds and Diets. A 9  White-crowned Sparrows (Zonotrichia leucophrys) were 
captured in mist nets near Mabton, WA, on 25 September 2003. Birds were held in an 
outdoor aviary for one month prior to being housed individually in indoor cages (15” x 
18” X 18”) at 21 ± 2  C“. Birds were maintained on a photoperiod similar to the ambient 
photoperiod on the date in which they were brought indoors: 11:13 L:D. Birds were 
given water, waxworms {Galleria mellonella) and a seed mix (Wild Bird Seed Mix, 
Purina Mills USA) ad libitum  for three weeks while acclimating to cages and diets.
Sparrows were provided with seed mix ad libitum during maintenance periods. 
During experiments sparrows received synthetic diets containing either no phospholipids 
(-PL, Table 1) or supplemented with phospholipids (+PL, Table 1). Both diets contained 
equal amounts o f carbohydrate, total lipid, protein, and vitamin and salt supplements on a 
dry mass basis (see Table 1), but differed in lipid composition. Olive oil was the
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Table 1, Composition o f diets fed to White-crowned Sparrows. Values are % dry mass, 
with the exception o f water content, which is % wet mass. Additionally, all diets had 
10% dry mass consisting o f agar, and 8% as salt and vitamin supplements (modified from 
McWilliams et al. 2002).
Diet Protein Carbohydrate Total Lipid PC^ Olive Oil Water 
-PL 41% 12% 28% 0% 28% 87%
4-PL 41%________ 12%__________ 28% 14% 14%______ 87%
* phosphatidlycholine
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triglyceride source in diets and comprised the entire lipid content o f -PL. In the +PL 
diet, olive oil and commercial phosphatidylcholine (American Lecithin Company; PC) 
provided the lipid content in a 1:1 olive oil to phosphatidylcholine ratio by dry mass. 
Olive oil consisted o f mainly oleic acid with small amounts o f  palmitic and linoleic acid 
(Mohamed et al. 2002), and PC contained mostly linoleic acid with small amounts of 
palmitic and oleic acid (American Lecithin Company). Captive birds have been able to 
digest diets with similar fatty acid profiles effectively (McWilliams et al. 2002), Chapter 
2). I attempted to acclimate sparrows to synthetic diets o f 1:5, 1:3 and 1:2 TG:PL ratio; 
however, birds could not maintain mass on these diets which precluded any mass 
manipulations.
Experimental Protocol- Birds were weighed daily between 3-30 minutes after the 
start o f the light cycle. First, all birds were fed -P L  diet ad libitum (50g) and allowed 10 
days to acclimate to diets. Birds were subjected to two mass manipulations: mass gain 
and mass loss. Mass loss was induced by food restriction. Sparrows were given diet at 
10% of ad libitum distributed in four to five portions per day for two to three days prior 
to blood sampling. Most birds lost 5-15% of body mass during this period. On the day 
of sampling birds were given a total o f 3 g diet in three to four equal portions between the 
start of the light cycle and blood sampling. All birds were bled 6 hr after lights on, and 
given 7-11 days of recovery between mass manipulations. To induce mass gain, food 
was restricted for two to three days followed by food ad libitum  on the day o f blood 
sampling. The same procedures were then followed using +PL diet.
Bleeding Protocol and Metabolite Assays.- All sample collections and animal 
handling procedures were permitted by the U.S. Fish and Wildlife Service and Montana
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Fish, Wildlife & Parks, and approved by the University o f Montana Institutional Animal 
Care and Use Committee (Protocol # ACC 029-03). Approximately 10% of blood 
volume was collected by brachial venipuncture with a 26-gauge needle. Blood was 
transferred to heparizined microhematocrit tubes, centrifuged at 2000 x g for 10 min, and 
the plasma was stored in at -80 ®C until analysis. At the time of sampling, birds were 
weighed (± O.lg) and the time between first handling and blood sampling (bleedtime) 
was recorded. Mass change was calculated as the hourly change in mass between 
morning o f blood sampling and the time o f blood sampling (AMASS).
Metabolites were assayed using a microplate spectrophotometer (Biotec 
Powerwave X 340) in 400 pi fiat-bottom microplates. Free GLYC and TG were 
measured sequentially by endpoint assay (SIGMA, Trinder reagent A and B) as described 
previously (Guglielmo et al. 2002a). BUTY was measured by kinetic endpoint assay (kit 
E0907979, R-Biopharm, Marshall, MI, all samples diluted three fold by 0.9% NaCl) and 
plasma phospholipids (PL) were measured by endpoint assay using a colorimetric kit 
(phospholipids B, WAKO Diagnostics, Richmond, VA) as described by Guglielmo et al. 
(in press).
Statistical Analysis.- All analyses were performed using PROC MIXED (SAS 
9.0) to account for missing data and intra-individual dependence in the data. I entered 
individual into all models as a categorical variable and a random effect with a compound 
symmetric covariance structure. A substantial recovery period existed between blood 
sampling events. As a result, observations on the same individual closer in time should 
not necessarily be more correlated than observations farther away in time. Thus, an 
autoregressive covariance structure for repeated measures over time was not appropriate.
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A compound symmetric covariance structure assigns the same covariance to all 
measurements on an individual, thus accounting for intra-individual dependence among 
observations. Metabolite concentrations were (log,o +1) transformed to satisfy normality 
assumptions. Diet effects on the relationship between metabolites and AMASS were 
tested by entering metabolites, diet and an interaction term as variables explaining 
AMASS. To address the value o f PL in predicting mass changes, PL levels were entered 
into a model with TG as explanatory variables predicting AMASS. Differences in plasma 
TG.PL ratio between diets were evaluated by entering AMASS and PL as covariates 
testing for an effect o f diet on plasma TG levels. I tested for an effect o f diet on plasma 
PL levels by entering AMASS as a covariate, diet as an explanatory variable, and plasma 
PL as the response variable. Type one hypothesis tests, where covariates were entered 
before testing main effects, were used for all models testing diet effects. All variables 
were considered significant at p < 0.05. Residual plots were examined to assess validity 
o f model assumptions. Residual variances were calculated using the variance 
components from a full model with variable(s) o f interest, holding the random effects 
(individual bird) variance constant and fitting a reduced model excluding the variable(s) 
o f interest (Feng et al. 2001). R-square values were computed from these residual 
variances.
RESULTS
There was no relationship between any metabolites and bleedtime (all P  > 0.06) 
or body mass (all P  > 0.27). Plasma PL levels were significantly higher in birds fed the 
+PL diet ( F |.45  = 21.49, P  < 0.001, fig, 1) and plasma TG:PL ratio was significantly 
higherin birds fed-PL diet ( F , .4 4 = 13 .7 4 ,P < 0 .0 0 1 ,fig . 1). AMASS
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
46
Figure 1. Comparison o f metabolite means (+ SE) from mixed models between sparrows 
fed -P L  (white bars) and +PL (black bars) diets. Bars on the left side are means from 
models with mass change as a covariate testing differences in plasma phosholipid levels. 
Right side bars are means from models with mass change and phospholipid levels as 
covariates explaining plasma triglyceride levels and testing for differences in plasma 
triglyceride:phospholipid ratio. *** indicates means are significantly different at P  < 
0 .001.
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was negatively related to plasma BUTY (p logbû , = -0.292, SE  = 0.067, F  i. 47 = 18.77, P  < 
0.001, =  0.22, fig. 2A), GLYC (P ,ogg,yc =  -0.698, SE  =  0.291, F  1.47 =  5.76, P  <  0.021,
= 0.07, fig. 2B) and PL levels (p logpi = -0.730,5F = 0.172, F  1.46 = 15.91, F  < 0.001,
R^ = 0.19, fig. 2C), and was positively related to plasma TG (P logtg = 0.552, SE = 0.089,
F  1,47 = 38.53, P  > 0.001, R^ = 0.45, fig. 2D). The intercept o f the predictive relationship 
between BUTY and AMASS was affected by diet (Pdiet = 0.129, SE -  0.0299, F  1,45 = 
18.95, P  < 0.001, fig. 2 A), but diet did not affect the slope o f the relationship (F  1 , 4 5  =
1.30, P  > 0.26, fig .2A). For a given plasma BUTY concentration, AMASS was 
predicted to be 0.129 g/hr higher in birds fed -PL  diet than those fed +PL. Similarly, diet 
affected the intercept o f the relationship between GLYC and AMASS (p diet = 0.333, SE  = 
0.125, F  1,45 = 20.85, P  < 0.001, fig. 2B), but not the slope o f the relationship ( F 145 = 
2.53, F  > 0.12, fig. 2B). For a given plasma GLYC concentration, AMASS was predicted 
to be 0.333 g/hr higher in birds fed -P L  diet. There was no effect o f  diet lipid 
composition on the predictive relationships between either TG (all F  > 0.23, fig. 2D) or 
PL (all F  > 0.23, fig. 2C) with AMASS. The inclusion o f PL with TG in a model 
predicting AMASS increased R^ from 0.45 to 0.56. Plasma GLYC and BUTY did not 
explain any additional variance in AMASS,
DISCUSSION
The major findings o f this study were 1) the predictive relationship between 
plasma TG and mass change was unaffected by diet lipid composition, and plasma TG 
appears to be the most reliable metabolite for predicting body mass changes; 2) the 
predictive relationships o f plasma GLYC and BUTY with body mass changes were 
affected by diet lipid composition; 3) plasma PL reflected diet PL content, but related
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Figure 2. Hourly mass change vs. A) plasma log io ( B - O H  Butyrate + 1 mmol/L), B) 
plasma log lo (Glycerol + 1 mmol/L), C) plasma log lo (Phospholipids +1 mmol/L) and D) 
plasma log ,o (Triglyceride + 1 mmol/L). In all figures, open and closed circles represent 
data from birds on -P L  diet and +PL diet, respectively. Where applicable dashed and 
solid lines indicate linear relationships between mass change and metabolites for 
sparrows fed -PL  and +PL diets, respectively.
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negatively with body mass changes; and 4) plasma TG:PL ratio reflected diet TG:PL 
content, providing information on diet lipid quality.
Triglycerides
In the avian gut, ingested TG is acted upon by pancreatic lipase yielding 
monoaclyglycerol and free fatty acids which are rapidly absorbed across the brush-border 
membrane (Krogdahl 1985, Klasing 1998). A portion o f the free fatty acids are 
subsequently absorbed into the blood stream (Sklan et al. 1984). Most, however, are 
reesterifled in the enterocyte with monoglycerides and free glycerol forming TG (Klasing 
1998). The newly synthesized TG is subsequently combined with certain PL and 
apoproteins to form portomicrons for transport to adipose tissue or the liver (Klasing 
1998). The liver also produces TG via the de novo synthesis o f  fatty acids from ingested 
and stored carbohydrates and protein (Ramenofsky 1990, Klasing 1998, McWilliams et 
al. 2004). Hepatic-synthesized TG is combined with PL and protein to form veiy-low- 
density lipoproteins for transport through the blood stream to adipose and muscle tissue 
(Ramenofsky 1990).
In this study, plasma TG related positively to body mass changes and my results 
agree with prior captive studies (Jenni-Eiermann and Jenni 1994, Williams et al. 1999), 
Chapter 2). Plasma TG levels reflect deposition o f both dietary and liver synthesized 
fatty acids, and indicate overall body mass changes in wild birds (Jenni-Eiermann and 
Jenni 1994, Williams et al. 1999). The predictive relationship between plasma TG and 
body mass changes has been shown to be unaffected by diet TG content (Chapter 2).
Here, I demonstrate that the relationship between plasma TG and rate of mass change is 
also unaffected by the relative amount o f different lipids in the diet (i.e. TG and PL). The
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avian liver can readily convert carbohydrates and protein to TG for storage, and fatty 
acids from some ingested PL may be absorbed and incorporated into TG for transport to 
the liver and adipose tissue (Phan and Tso 2001). I conclude that plasma TG is a reliable 
metabolite in predicting avian body mass changes and is robust to changes in diet lipid 
concentration and composition.
Phospholipids
Dietary fatty acids can also be ingested, absorbed and transported in the polar 
form, as phospholipids (Klasing 1998, Phan and Tso 2001). Dietary PC, for example, is 
cleaved by pancreatic phospholipase yielding a fatty acid and lysophosphatidlycholine 
before absorption across the membrane in the small intestine (Borgstrom et al. 1957, 
Klasing 1998, Phan and Tso 2001). In mammals, lysophosphatidlycholine and a fatty 
acid can be reconstituted into PC after absorption (Scow et al. 1967, Subbaiah et al. 1970) 
and subsequently transported to the liver or adipocytes via lipoproteins (Phan and Tso 
2001). Absorption and reconstitution o f PL in avian intestinal cells are likely similar 
(Klasing 1998). Additionally, in the avian gut, PC can be absorbed intact by intestinal 
epithelial cells (Klasing 1998). Interestingly, in invertebrates, PL accounted for a 
substantial portion o f the total body lipid composition (Hill et al. 1992). Thus, in theory, 
plasma PL levels can reflect diet PL content and represent a significant transport form of 
dietary fatty acids to adipose tissue and liver.
In this study, sparrows fed +PL diet had significantly higher plasma PL levels 
than birds fed -PL  diet, indicating that plasma PL reflects diet PL content. Similar 
increases in plasma PL concentrations with dietary PL supplementation have been shown 
in rats (Furui and Masumura 1990) and humans (O’Brien and Andrews 1993). In
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addition, benthic invertebrates provided with diet phosphatidlycholine supplements 
exhibited increased concentrations o f hemolymph PL (Teshima et al. 1986). These 
results suggest that PL plays a role in lipid energy metabolism and can provide 
information on dietary PL content.
Plasma PL concentration, in this study, was related negatively to body mass 
changes. In captive Yellow-rumped Warblers (Dendroica coronata), plasma PL levels 
were negatively related to rate of mass gain (Chapter 2). My results, however, contrast 
with findings in rats and captive sparrows fed a seed mix where plasma PL levels related 
positively with mass gain (Furui and Masumura 1990, Chapter 2). Previous studies also 
found a positive relationship between plasma PL and TG in vernal migrants suggesting 
that plasma PL levels increase with mass gain and some dietary and endogenously 
synthesized fatty acids are transported in the form of PL (Guglielmo et al. in press^ 
Chapter 4). Lipoproteins, however, are composed o f protein, cholesterol, TG and certain 
PL (Phan and Tso 2001), and the positive relationship between PL and mass change may 
be a result o f increased formation o f lipoproteins required for transport of dietary and 
liver synthesized fatty acids. In addition, Guglielmo et al. {in press) also reported that 
some variation in plasma PL levels was associated with lipid mobilization (i.e. mass 
loss). Similar to the relationship between plasma GLYC and mass change, the 
relationship between plasma PL and body mass changes may be dependent on the range 
o f mass changes examined (Guglielmo et al. in press. Chapter 2). For example, plasma 
PL may be positively related to mass gain during high rates o f mass gain, while relating 
negatively during mass loss. In my previous study, however, absolute changes in body 
mass in sparrows were similar to those found in this study, but the relationship between
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plasma PL and mass change differed between the two studies (Chapter 2). Interestingly, 
a negative relationship between plasma PL levels and mass gain have only been 
documented in captive birds fed synthetic diets with no or low diet PL content (Chapter 
2 , this study), while positive relationships have been documented in birds consuming 
natural diets (Chapter 2). In addition, plasma PL levels are associated with mass gain in 
field caught migrants (Guglielmo et al. in press. Chapter 4). Diet PL content may have 
significant effects on the relationship between plasma PL and mass changes and 
experiments manipulating PL in natural food items are needed to clarify the relationship 
between plasma PL and mass change.
In a study o f free-living Western Sandpipers {Calidris mauri), plasma PL 
concentration increased markedly during migratory periods and was significantly higher 
than plasma TG in spring, suggesting that the measurement o f plasma PL levels would 
improve plasma metabolite techniques to measure avian refueling performance 
(Guglielmo et al. 2002b). Here, plasma PL levels did improve statistical models 
predicting body mass changes, but PL levels were negatively related to rate o f mass gain. 
Results from my previous captive studies have been mixed. In captive Cedar Wax wings 
and White-Crowned Sparrows, plasma PL concentration did not improve statistical 
models predicting body mass changes using the combination o f plasma TG and BUTY 
(Chapter 2). Similar to results presented here, plasma PL did improve statistical models 
predicting mass changes in Yellow-rumped Warblers, but PL levels were negatively 
related with rate of mass gain (Chapter 2). More research is needed to elucidate the role 
of PL in lipid metabolism and fat deposition before plasma PL levels can be used to 
predict body mass changes in wild birds.
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TG:PL ratio
Total body PL in certain invertebrate species has been shown to reflect body size 
while neutral lipids (mainly TG) indicate the amount o f lipid storage (Hill et al. 1992, 
Hentschel 1998). Thus, total body TG:PL ratio reflects nutritional quality in certain 
invertebrates that may vary both spatially and seasonally due to factors including age and 
environmental stress (Hill et al. 1992). Nutritional quality o f consumed invertebrate prey 
may affect the foraging costs for birds. For example, if  invertebrate TG:PL is high, birds 
would have to capture few invertebrates to achieve high rates o f fatty acid intake. Thus, 
nutritional quality o f invertebrates can affect fattening rates, and the ratio of TG:PL in 
avian plasma may reflect diet quality (Guglielmo et al. in press). Prior field studies 
suggest that differences in plasma TG:PL ratio, or diet quality, may partially explain 
differences in fattening rates between stopover sites and habitats (Guglielmo et al, in 
pressy Chapter 4). In this study, plasma TG concentration was higher in birds fed the -PL  
diet than those fed the +PL after controlling for mass change and plasma PL, indicating 
that plasma TG:PL ratio was higher in birds fed —PL diet. Thus, plasma TG:PL ratio 
reflects diet TG:PL ratio and can provide valuable insight into diet lipid quality.
My synthetic diets, however, may have encompassed only a small range of overall 
dietary PL content and TGiPL ratio that birds may encounter under natural conditions. In 
fact, studies o f benthic invertebrates suggest that TG:PL ratio o f prey species may be 
much higher (1:5) than the synthetic diets tolerated by sparrows in this study (Hill, 1992). 
I attempted to acclimate birds to synthetic diets with a TGiPL ratio of 1:5, 1:3 and 1:2, 
but birds could not maintain mass on these diets. More information regarding landscape 
variability in TG:PL ratio o f invertebrate prey and amount o f  PL in avian diets as well as
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
54
controlled experiments using diets that more closely mimic those that free-living 
migrants may encounter are needed before the utility o f  plasma TG:PL ratio can be 
determined.
B-OH Butyrate
Plasma BUTY levels were negatively related to rate o f mass gain in this study, 
and my results are in agreement with several captive studies documenting similar 
relationships (Jenni-Eiermann and Jenni 1994, Williams et al. 1999, Chapter 2) . In a 
previous study, I found that the predictive relationship between plasma BUTY levels and 
body mass changes was not affected by diet TG content (Chapter 2). Results presented 
here, however, indicate that plasma BUTY levels predicted mass changes differently in 
birds fed diets differing in PL and TG concentration. For a given plasma BUTY 
concentration, mass change was predicted to be higher in birds fed -PL diet. Differences 
in plasma BUTY levels between diets have also been found in White-throated Sparrows 
(Zonotrichia albicoUis) that were diets differing in protein and carbohydrate content (S. 
Smith pers. comm.). In a study o f free-living migrants, Gannes (2001) attributed 
variation in plasma BUTY levels among species to differences in food items consumed 
that may have affected fuel substrate utilization during exercise. Plasma BUTY levels 
are an indicator o f fat catabolism (Jenni-Eiermann and Jenni 1994) and it is possible that 
higher BUTY levels in birds fed -P L  diet reflect higher utilization o f lipid stores for 
energy in these birds. It is unknown if  the predictive relationship between BUTY and 
body mass changes is affected by diet lipid quality under field conditions where 
differences in dietary TGiPL ratio may be less extreme and PL content considerably 
different than my synthetic diets.
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Glycerol
In this study, plasma GLYC levels were negatively related to rate of mass gain. A 
previous study reported similar relationships (Williams et al. 1999), however, I found no 
relationship between plasma GLYC and overall body mass changes a passerine species 
(Chapter 2). In this study, the relationship between plasma GLYC and mass change was 
affected by alterations in diet lipid quality. For a given plasma GLYC concentration, 
body mass change was predicted to be higher in birds fed -PL diet. In addition to the 
influence o f diet lipid quality, plasma GLYC may exhibit a dual role in lipid metabolism 
(Guglielmo et al. in press). I therefore caution against the use o f plasma GLYC in studies 
of avian refueling performance using plasma metabolite profiles as it may provide 
unreliable information on body mass changes.
Conclusions
Numerous studies with captive birds have validated the predictive relationships 
between plasma metabolites and overall body mass changes (Jenni-Eiermann and Jenni 
1994, Williams et al. 1999, Jenni and Schwilch 2001, Chapter 2). This study 
demonstrated the potential value o f a previously unmeasured metabolite, plasma PL, in 
providing information on diet lipid quality in wild birds. A significant portion o f dietary 
fatty acids may be ingested as PL (Guglielmo et al. 2002b), and plasma PL levels may be 
an under appreciated pathway for transport o f  dietary fatty acids during fat deposition. 
Plasma PL reflected diet PL content suggesting that dietary nutrients are absorbed and 
transported as PL. In addition, plasma TG:PL ratio reflected dietary TG:PL ratio and 
provides information on diet lipid quality. Plasma PL levels were negatively related to 
rate of mass gain, however, and obscured the role o f PL in lipid metabolism in my
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sparrows. Furthermore, I conclude that plasma PL levels do not improve plasma 
metabolite techniques predicting body mass changes in small migrants. The 
measurement o f plasma PL concentration may provide insight into diet quality and 
provide a possible explanation for differences in avian fat deposition rates among 
stopover sites. My results also document that the relationship between plasma TG and 
mass changes is not affected by overall diet lipid quality, and TG appears to be the most 
robust metabolite predicting body mass changes. More study is needed to determine the 
utility o f  plasma BUTY as a measure o f mass change in birds consuming natural diets 
under free-living conditions. I encourage the use of PL and TG in studies of refueling 
performance under field and captive conditions and call for further research to elucidate 
the role o f  PL in avian lipid metabolism.
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C h a p te r  IV. Plasm a m etabolite profiles as indicators o f avian stopover hab itat 
quality
ABSTRACT
High quality stopover habitat is necessary for successful migration and can affect the 
overall survival and reproduction o f avian migrants. In the southwestern United States, 
riparian habitats are important for many migrants, but have been severely altered by the 
invasion o f  exotic saltcedar (Tamarix ramosissima). M ost studies o f  avian responses to 
saltcedar have been based solely on distribution data, and results from these studies have 
been mixed. Plasma metabolite profiling offers a physiological means to assess refueling 
performance and can provide valuable insight into stopover habitat quality. I measured 
plasma metabolites in vemally migrating W ilson’s Warblers (Wilsoniapusilld) that 
foraged in native cottonwood-willow and saltcedar riparian habitats along the San Pedro 
River in southeastern Arizona. In addition, I compared food availability, predation risk 
and the abundance o f potential avian competitors between habitats. Plasma metabolites 
indicated higher fattening rates in saltcedar, but food availability was higher in native 
vegetation. Predator sightings were low in each habitat and likely did not affect fattening 
rates. W ilson’s Warbler detections did not differ between habitats, but certain avian 
competitors were more prevalent in cottonwood/willow habitat. I conclude that 1) 
plasma metabolites can be used to compare refueling rates between habitat types; 2 ) 
release from competition in native habitat may lead to higher fattening rates for warblers 
in saltcedar habitat; 3 ) small amounts o f  saltcedar may be beneficial to some migrants; 
and 4) in combination with other information, such as competition and predation, 
refueling performance provides valuable insight into avian stopover ecology.
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M ost research addressing population declines in migratory birds have focused on 
habitat requirements for breeding and wintering (Hutto 1988, Sherry and Holmes 1995). 
Recently, acknowledgement that events during migration can have profound implications 
in the life cycle o f avian migrants has increased (Moore et al. 1995, Hutto 1998). In fact, 
Sillett and Holmes (2002) suggest that most mortality in migrant populations occurs 
during migratory periods. Migratory journeys often entail long-distance endurance 
flights o f  over several thousand kilometers. Most migrants cannot deposit enough fuel to 
complete migration in a single non-stop flight, and must stop periodically to replenish 
nutrient stores. The rate o f  refueling during stopover has profound effects on the speed 
and success o f  migration, and thus can have important consequences on the overall 
reproduction and survival o f migrants (Alerstam and Lindstrom 1990, Alerstam and 
Hedenstrôm 1998, Weber et al. 1998). Habitats along the migration route must not only 
provide adequate food resources while providing shelter from predators, but must also 
permit migrants to meet their energy demands quickly (Moore et al. 1995).
In the arid zones o f the southwestern United States, passerines are relatively 
restricted to riparian areas during vernal migration. Riparian corridors provide important 
stopover habitat and support more than ten times the number of migrants and 14 times the 
number o f  species than surrounding upland areas (Stevens et al. 1977, Hehnke and Stone 
1979). Riparian habitats, however, account for less than 1% o f  the landscape in the 
Southwest, and have been severely degraded by human use and the introduction o f 
invasive plant species (Ohmart 1994). Invasive saltcedar {Tamarix ramosissima) is 
thought to be the most widespread and damaging o f  these invasive species and has caused 
severe degradation to native riparian systems (DeLoach et al. 1996, Lovich and De
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Gouvenain 1998, Smith et al, 1998, Stromberg 1998). Human-induced changes in 
riparian systems and intrinsic characteristics, including reduced cottonwood recruitment 
resulting from the elimination o f annual floods and saltcedar*s deeper tap root system that 
exploits available ground water, provide saltcedar with competitive advantages over 
native vegetation (DeLoach et al. 2000). Consequently, saltcedar invasion has resulted in 
the near total replacement o f native riparian vegetation by monotypic stands of saltcedar 
along the Gila river in Arizona, the lower Colorado river and the middle Rio Grande river 
(Turner 1974, Howe and K nopf 1991, Busch and Smith 1995).
The value o f southwestern riparian systems to avifauna and the widespread 
invasion o f  saltcedar have prompted research on the impacts o f  changes in riparian 
habitats on migrating and breeding birds. The majority o f these studies have focused on 
avian assemblages and distributions, and results have been mixed (Anderson et al. 1977, 
Cohan et al. 1978, Hunter et al. 1985, Brown and Johnson 1987, Hunter et al. 1988, 
Griffin et al. 1989, Ellis 1995). Several studies have shown lower bird densities and 
species diversity in saltcedar dominated riparian habitats in the southwestern United 
States (Anderson et al. 1977, Cohan et al. 1978, Hunter et al. 1985) compared to adjacent 
native vegetation. In contrast. Brown and Johnson (1987) found higher breeding bird 
densities in saltcedar habitats. Others have found no differences in avian assemblages 
between native and invaded riparian habitats, suggesting that saltcedar may fulfil most 
habitat requirements for migrating and breeding passerines (Ellis 1995). Nevertheless, 
the abundance o f  migrants at a stopover site does not necessarily correlate with the 
importance o f  a site for fat deposition, and few studies have investigated avian refuelling 
performance in southwestern riparian habitats during migratory stopover. In the only
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study o f  its kind, Yong et al. (1998) could find no differences in refuelling rates o f 
vem ally migrating W ilson’s Warblers {Wilsoniapusilla) caught in saltcedar and 
cottonwood/willow riparian habitats. The overall consensus, however, is that saltcedar 
habitats are considered to be poor substitutes for native riparian habitats (Brock 1994).
Plasma metabolite profiles have been shown to be predictive o f  body mass 
changes in small passerines (Jenni-Eiermann and Jenni 1994, Williams et al. 1999, Jenni 
and Schwilch 2001, Chapter 2), and have been successfully used to compare refueling 
performance between stopover sites with relatively small capture efforts (Schaub and 
Jenni 2001, Guglielmo et al. 2002a, Ydenberg et al. 2002, Seaman 2003, Guglielmo et al. 
in press). Circulating metabolites, in particular those related to fat deposition and 
mobilization, reflect metabolic state (feeding, fasting). Plasma triglyceride (TG) levels, 
the major storage and transport form o f lipids, increase during feeding and fat deposition 
while plasma glycerol (GLYC) and B-OH butyrate (BUTY) increase during fasting and 
exercise (Jenni-Eiermann and Jenni 1994). Plasma phospholipids levels (PL) may offer 
additional information on lipid absorption and deposition, as well as insight into the 
quality o f  invertebrate prey (Guglielmo et al. 2002b, Guglielmo et al. in press). Plasma 
metabolite profiling has been utilized to compare refueling performance o f  migrants at 
different stopover sites (Schaub and Jenni 2001, Guglielmo et al. 2002a, Ydenberg et al. 
2002, Seaman 2003, Guglielmo et al. in press). This is the first study, however, to 
measure refueling performance among stopover habitat types using plasma metabolites. 
Additionally, information migrants may use to select stopover habitat suitable for rapid 
fuel deposition is poorly understood (M oore and Abom 2000). Ecological mechanisms 
such as food availability and food-based competition may exert important costs on the
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acquisition o f  food to satisfy energy demands (Moore et al. 1995). Also, predation risk 
constitutes a significant hazard for migrants and must be balanced with the need to 
replenish energy stores (Alerstam and Lindstrôm 1990). Theoretical models predict that 
high fattening rates will be associated with low predation risk (Weber et al. 1998), 
although some empirical evidence suggests that high fattening rates can be associated 
with high predation risk (Ydenberg et al. 2 0 0 2 ).
I measured plasma TG, BUTY, PL and GLYC levels in vemally migrating 
Wilson’s Warblers along the San Pedro river in southeastern Arizona 1) to illustrate the 
value o f  plasma metabolite profiles in studies o f  stopover ecology and 2 ) to test the if  
native cottonwood/willow vegetation offers superior migratory stopover habitat for 
refueling than saltcedar. In addition, I conducted arthropod sampling, foraging and 
predator observations, and weekly bird counts to test if: 1) stopover habitat with higher 
refueling rate is associated with higher food availability as measured by arthropod prey 
mass and foraging rate; 2 ) stopover habitat with lower refueling rates is associated with 
higher competition for available food resources; and 3) stopover habitat with lower 
refueling rates is also associated with higher predation risk.
METHODS
Study Area.- A total o f  six study sites, three in saltcedar and three in 
cottonwood/willow forests, were established near Tombstone, AZ, in the San Pedro 
Riparian National Conservation Area in spring 2003. Invaded sites were dominated by 
saltcedar, but also contained small amounts o f  mesquite (Prosopis spp.), acacia (Acacia 
spp.) and a few Fremont cottonwood (Populus frem ontii) trees. Native sites were 
dominated by a Fremont cottonwood overstory, with Gooding willow (Salix gooddingii)
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and seepwillow (Baccharis glutinosd) dominating the understory and small amounts o f 
acacia and mesquite species. All sites were located along the riparian corridor and the 
surrounding uplands were dominated by mesquite woodlands. Sites ranged from 1 2 - 1 6  
ha and were separated by at least 800m.
Logistical limitations precluded the interspersion o f  study sites with respect to 
habitat type. In addition, all saltcedar sites were located in areas o f ephemeral surface 
water flow, while surface water at native sites was present throughout the migratory 
period. Many o f the ephemeral stretches along the upper San Pedro River are dominated 
by saltcedar, while cottonwood and willow forests are abundant in areas o f perennial and 
intermittent flow (Rojo et al. 1998). Furthermore, although saltcedar is prevalent 
throughout the Southwest in areas with perennial surface flow (Yard et al. 2004), its high 
water consumption often dries up springs and causes permanent streams and rives to 
become ephemeral (Busch et al. 1992, Smith and Devitt 1996, Barrows 1998). Thus, 1 
contend that the sites are representative o f the native and invaded riparian habitats along 
the upper San Pedro River.
Bird captures, blood sampling, and metabolite assays.- I captured Wilson’s 
Warblers in mist nets between 15 April and 25 May 2003. Nets were continuously 
monitored to enable accurate estimation o f the time between capture and blood sampling 
(bleedtime). Most birds were observed entering nets, and the remaining were discovered 
within a few minutes o f  capture. Immediately after capture, approximately 10% o f blood 
volume was collected by brachial venipuncture with a 26-gauge needle into heparizined 
microhematocrit tubes (Guglielmo et al. 2002a). Blood was centrifuged at 2000 x g for 
10 min, and plasma stored in liquid and at -80® C for three months until analysis
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(Guglielmo et al. in press). Birds were weighed (± O.lg), aged and sexed according to 
Pyle et al. (1987) when possible, banded with a USFWS aluminum band, and the time o f 
day at capture and fat score were recorded. Fat score was visually quantified according 
to a six-point Scale (Helms and Drury 1960). I used two field crews to capture birds in 
both habitat types each day and systematically rotated capture efforts among sites when 
possible to ensure equal sampling o f habitats throughout the migratory season. In 
addition, I initiated capture efforts at least 30 min after sunrise to ensure birds had ample 
time to forage and that rates o f  fat deposition were reflected in metabolite levels (Jenni 
and Schwilch 2001, Zajac et al. submitted). All sample collections were permitted by the 
U. S. Bird Banding Laboratory and the State o f Arizona, and animal handling procedures 
were approved by the University o f Montana Institutional Animal Care and Use 
Committee.
Plasma was diluted three-fold and assayed on a microplate spectrophotometer 
(Biotec Powerwave X 340). GLYC and TG were measured sequentially by endpoint 
assay (SIGMA, Trinder reagent A and B) (Guglielmo et al 2002a). BUTY and PL were 
measured as described by Guglielmo et al. {in press).
Point counts.- I measured detections o f  migrants in both habitat types using seven 
weekly point counts. Five points separated by at least 100 m were established 
haphazardly at each site, for a total o f  15 points in each habitat type. I recorded number 
and species o f all birds seen and heard within a 50m radius during each five min count. 
Most counts were performed by a single observer to reduce observer variability and were 
conducted between sunrise and 1130. The visitation order o f  points was rotated
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systematically to limit bias from time o f day on comparisons o f detections between 
habitat types.
Arthropod sampling.- I conducted bimonthly arthropod sampling at each site for 
a total o f  4 samples per site. During each sampling session, 18 trees, shrubs or other 
vegetation at each site were chosen at random. The W ilson’s Warbler is exclusively 
insectivorous during migration and usually forages between 1 .5 -2 .5  m in vegetation 
(Ammon and Gilbert 1999) and I attempted to sample arthropods throughout this vertical 
distribution. H alf o f  the chosen vegetation was sampled at a height between 0.5m and 
1.5m and the remaining between 1.5m and 3 m. A combination o f sweep-net and beat- 
sheet techniques were used to sample both sessile and active arthropods (Cooper and 
Whitmore 1990). At each chosen tree or shrub, I swept vegetation 10 times and beat 
desired vegetation above a 1 m^ sheet 10 times to standardize sampling among sites. All 
arthropods were collected, killed by prolonged exposure to 0® C, identified to order, 
separated into size classes by length, dried at 60 C® for 72 hours and weighed.
Foraging observations.-1 followed W ilson’s Warblers foraging within each site 
and recorded each foraging attempt on a mini-cassette recorder. The number o f attempts 
per min (temporal attack rate) was subsequently calculated during playback using a 
digital timer. I excluded the amount o f time in which foraging behavior could not be 
clearly observed from calculations and only used foraging observations lasting over 2 0  
sec for analysis. I also calculated the largest linear distance between observations o f the 
same individual during a single foraging observation period.
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Predator observations.- Each day I recorded the number o f avian predators 
observed and observation hours at each site. Field observation hours were defined as the 
numbers o f  hours present at a site.
Statistical analyses.- All analyses were performed using SAS 9.0. Metabolites 
levels were (logio +1) transformed to satisfy normality assumptions. Differences in 
metabolite levels between habitat types were first tested using multiple regression 
techniques. Habitat was coded as a categorical variable and possible explanatory 
variables (bleedtime, date, mass and time since sunrise) were retained in models at P < 
0.10 by backward selection. Using PROC MIXED, retained variables were entered as 
covariates with habitat as a categorical variable test for differences in metabolite levels 
between habitat types. Site as a random factor was nested within habitat to account for 
differences in metabolite levels among sites within habitat types. Differences in plasma 
TG;PL ratio between habitat types were tested by entering habitat as a categorical 
variable, plasma PL levels as a covariate, and site as a random variable nested within 
habitat explaining plasma TG levels. Differences in arthropod biomass between habitat 
types were tested using PROC MIXED. I used only arthropods < 1 0  mm in length for 
analysis as diet studies indicate that large arthropods are not often consumed by W ilson’s 
Warblers (Raley and Anderson 1990). Sampling session (time), habitat and an 
interaction term were entered as categorical variables with an autoregressive order I 
covariance matrix (Littell et al. 1996) to account for repeated measures o f  the same site in 
which observations closer in time are more correlated than those further away in time. I 
used the Wilcoxon rank sum test to assess difference in attack rate per minute between 
habitat types. Predator observations were considered two independent binomial samples
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with the number o f predators detected per field hour in each habitat as the parameters o f  
interest (Christensen 1996). A pooled standard error estimate was used to test the null 
hypothesis that detections per hour were equal between habitat types. Sample sizes were 
sufficient to use the t distribution with infinite degrees o f freedom for analysis 
(Christensen 1996). Differences in the number o f detections o f Wilson’s Warblers and 
their potential competitors between habitat types were tested using PROC MIXED. 
Sampling session (time) and habitat were entered as categorical variables with an 
autoregressive order 1 covariance matrix (Littell et al. 1996) to account for repeated 
measures on the same site. Potential competitors were chosen according to Skagen 
(1995). Type one hypothesis tests, ensuring all covariates were entered into models 
before habitat effects, were used in all analyses between habitat types and differences 
were considered significant at P < 0.05.
RESULTS
Metabolites.- Captures varied among sites from 17-33 with 54 total captures in 
saltcedar sites and 79 in native sites. All recaptured individuals were captured at the 
same site as the initial capture (n = 9). Data from the second capture were not used in 
analyses. Neither fat score {F  i, 135 =  0.16, P  > 0.69) nor mass {F  i, 131 = 1.80, P  > 0.18) 
differed between habitat types. The amount o f blood collected was not sufficient in all 
cases to perform assays on all metabolites; thus, sample sizes among metabolites also 
differed (Table 1). Variables retained in multiple regression models differed among 
metabolites (Table 1). Body mass had a positive effect on TG, GLYC and PL, and
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Table 1. Summary o f  sample size and the variables retained at P < 0.10 in multiple 
regression models with backward selection. Positive = positive relationship, negative = 
negative relationship and 0  = no relationship.
Covariates
Metabolites
Triglyceride B-OH Butyrate Glycerol Phospholipids
Mass positive negative positive positive
Bleedtime negative positive 0 negative
Time Since Sunrise 0 0 negative positive
Date 0 negative 0 positive
N 133 133 132 132
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a negative effect on BUTY. Bleedtime had a positive effect on BUTY, a negative effect 
on TG and PL, and did not affect GLYC. Time after sunrise affected PL positively and 
GLYC negatively, but had no effect on plasma TG or BUTY levels. Date affected 
BUTY negatively, PL positively and had no effect on TG or GLYC.
The variance components for site nested within habitat were negligible in all 
models testing for differences in metabolite levels between habitats (less than 2 % of 
residual variance). Thus, metabolite levels o f birds foraging at sites within a habitat type 
were not considered significantly different. Plasma TG was significantly higher in birds 
captured in saltcedar habitat (F  1,4 = 16.57, P  = 0.0152, Fig 1). Plasma BUTY, GLYC 
and PL levels did not differ between habitat types (all P  > 0.26, Fig 1). Plasma TG levels 
were positively related to PL (p logpi = 1,25, SE = 0.14, F  1.125 = 89.03, P  < 0.0001) and 
after controlling for plasma PL were significantly higher in birds captured in saltcedar 
habitat (F  1 , 4  = 13.63, P  = 0.021, Fig. 1), indicating plasma TG PL was higher in 
saltcedar habitat.
Arthropod biomass andforaging observations.- Arthropod biomass increased as 
the migration season progressed and a significant habitat*time interaction ( F 1, 10= 26.53, 
P  < 0.004) indicated that the slope o f  this increase was greater at native sites than in 
saltcedar sites (Fig. 2). Furthermore, at every sampling session arthropod biomass was 
higher in the native habitat than in saltcedar (Fig 2). A total o f  99 foraging observations 
were used for analysis; 70 in native sites and 29 in saltcedar sites (see Table 2).
Temporal attack rate did not differ between habitat types (Wilcoxon Rank Sum, S  =
1325.5, F  > 0.17). M ovement rates o f  foraging birds averaged 652.1 m/hr (5F = 97.1).
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Figure 1. Comparison of means (+ SE) from mixed model analyses o f each metabolite 
and triglyceride:phospholipid ratio. Dark and open bars are values from Wilson’s 
Warblers caught at native sites and saltcedar sites, respectively. Abbreviation are TG = 
triglyceride, BUTY = B-OH Butyrate, PL = phospholipids, TG:PL = 
triglyceriderphospholipid ratio.
Saltcedar 
Native
*** p  < 0.02
*** P  <  0.03
TG BUTY GLYC PL 
M etab o lite s
TGiPL
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Figure 2. Comparison o f means (± SE) from a repeated measures mixed model analysis 
testing differences in arthropod biomass between habitat types. Dark and open circles are 
values for arthropods collected at native and saltcedar sites, respectively.
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Table 2. Comparison of means values o f temporal attack rate and predator sightings 
between saltcedar and native riparian habitats.
Saltcedar Native
Observation N X SE N X SE
test
statistic P
Foraging 
(temporal 
attack rate) 29 7.167 1.042 70 8.636 1.232 1325.5" 0.17
Predator
(sightings/field
hour) 1 9 b 0.080 0.023'= 8 ” 0.042 0.023® -1.63“ <0.05
“ Wilcoxon Rank Sum statistic
‘’Total Number o f predator sighting in each habitat
Pooled standard error (see methods) 
 ̂r-statistic
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Predator sightings and point counts. - 1  observed a total o f  27 aerial avian 
predators during 427 observation hours (Table 2). I detected significantly more aerial 
predators per observation hour in saltcedar than native vegetation (f = -1.63, P  < 0.05, d f  
= 425). I found no difference in Wilson’s Warbler detections between habitat types (F  1,4 
= 4.90, P  > 0.09, Fig. 3a), but detections o f potential competitors o f Wilson’s Warblers 
were significantly higher at native sites than saltcedar sites ( F 1,4 = 106.94, P  < 0.001,
Fig. 3b).
DISCUSSION
The major findings o f  this study were 1) invasive saltcedar may provide migratory 
stopover habitat o f h i^ e r  quality than native vegetation for Wilson’s Warblers, 2) 
interspecific competition may be an important factor affecting fattening rates between 
habitat types and 3) fattening rates can be combined with data on food availability, 
predation, and competition to provide valuable insight into avian stopover ecology.
Most studies focusing on stopover habitat quality o f saltcedar have based 
conclusions on avian distributions and assemblages, and results have been mixed (Ellis 
1995). The single study assessing the quality o f saltcedar as stopover habitat for 
Wilson’s Warblers using fattening rates could find no difference between cottonwood 
and saltcedar vegetation despite thousands o f captures using mass versus time o f day 
regression techniques (Yong et al. 1998). Plasma metabolite profiling is a means to 
assess instantaneous refueling performance in individual migrants and has distinct 
advantages over other methods. In contrast to recapture methods, metabolites measure 
rates o f mass change from single captures thus eliminating problems associated with 
capture bias and handling stress (Guglielmo et al. in press). Additionally,
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Figure 3. Comparison o f means (± SE) from mixed model analyses testing differences in 
a) detections o f Wilson’s Warbler and b) detections of potential competitors per site 
between habitat types. Dark and open circles are values for arthropods collected at native 
and saltcedar sites, respectively.
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comparisons o f refueling rates can be achieved with considerably smaller sample sizes 
than often necessary for recapture and mass versus time of day regression techniques 
(e.g. Winker et al. 1992). Several studies have employed plasma metabolites to 
compared refueling rates between and among selected stopover sites (Schaub and Jenni 
2001, Guglielmo et al. 2002a, Ydenberg et al. 2002, Seaman 2003, Guglielmo et al. in 
press), and this is the first study to demonstrate differences in refueling performance 
between stopover habitat types using this approach.
Metabolites
Linear distances traveled by migrants during stopover averaged 540 m per hour 
in the southeastern United States (Abom and Moore 1997). Movement o f Wilson’s 
Warblers along the San Pedro River averaged 650 m per hour and all birds captured twice 
were recaptured at the same site o f initial capture (n=9). Moreover, plasma metabolites 
in Wilson’s Warblers change rapidly (i.e. within minutes) in response to alterations in 
feeding rate (Zajac et al. submitted). Therefore, metabolite concentrations characterize 
fat deposition rates within the immediate area (100-200 m) o f capture.
Plasma TG levels appear to be the most reliable and informative metabolite in 
field comparisons o f refueling rates (Guglielmo et al. 2002a). In this study, plasma TG 
levels were significantly higher in birds captured in saltcedar, indicating higher rates of 
fat deposition at invasive sites. Plasma BUTY levels, however, did not differ between 
habitat types. Guglielmo et al. (2002a) found no differences in Western Sandpiper 
BUTY levels between specific stopover sites, but in another study plasma BUTY did 
differ significantly between passerines at different stopover sites (Guglielmo et al. in 
press). Plasma BUTY levels decrease rapidly after termination o f the overnight fast and
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stabilize a few hours after the resumption of feeding (Jenni and Schwilch 2001). BUTY 
levels may not differ considerably after this initial decrease, or may not be as sensitive as 
TG in assessing differences in refueling rates. I found no differences in plasma GLYC 
concentrations between habitat types, but prior studies have suggested that plasma GLYC 
is an unreliable metabolite because of a possible dual role in lipid metabolism (Guglielmo 
et al. in press). Therefore, while plasma GLYC must be measured to correctly calculate 
plasma TG, I discourage the use of GLYC in studies o f avian refueling performance.
Guglielmo et al. (/« press) found that plasma PL was associated with high 
refueling rates in migrating passerines. Plasma PL in Western Sandpipers increased 
significantly during migratory periods (Guglielmo et al. 2002b). Both studies suggested 
that plasma PL may improve metabolite techniques by taking into account another form 
of dietary fatty acid transport to lipid stores. I found no difference in plasma PL levels 
between habitat types, although PL levels did trend higher in saltcedar sites. In addition, 
plasma PL levels were positively related to plasma TG levels, suggesting that plasma PL 
was positively associated with mass gain. My results from captive studies, however, 
showed that while dietary fatty acids can be absorbed as PL, the role o f PL in avian lipid 
metabolism and fat deposition remains unclear (Chapter 3).
Possible mechanisms 
Arthropod nutritional quality.- The quality o f consumed prey may influence 
fattening rates by affecting foraging costs (Guglielmo et al. in press). For example, 
migrants may have to capture more low quality individual prey to attain high food energy 
intake (Guglielmo et al. in press). In invertebrate prey, total body TG is related to the 
amount o f lipid stores and PL is associated with structural membranes and is a function
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o f body size (Hill et al. 1992, Hentschel 1998). Thus, invertebrate TG:PL ratio reflects 
nutritional quality, and in avian plasma TG:PL ratio may provide information on diet 
lipid quality (Guglielmo et al. 2002b). After controlling for plasma PL levels, TG levels 
were higher in warblers feeding at saltcedar sites. Guglielmo et al. {in press') also found 
higher plasma TG:PL ratio at a high quality stopover site. It is possible that higher 
refueling performance in saltcedar is facilitated by better nutritional quality o f 
invertebrate prey. The role of PL in avian lipid metabolism and fat deposition, however, 
remains unclear and further research is needed before the utility o f plasma TG:PL ratio is 
known. In particular, information on landscape variability in invertebrate TG:PL ratio 
would be o f value.
Food availability,- The availability o f food resources greatly affects the ability to 
meet energetic requirements for migration and is important in relation to how migrants 
select stopover habitat (reviewed in Moore et al. 1995). A previous study using plasma 
metabolites found a correlation between refuelling performance and invertebrate 
abundance among several stopover sites (Seaman 2003). Invasive saltcedar is thought to 
support too few insects to benefit avian migrants significantly (DeLoach 1989), and 
studies have suggested that native vegetation offers more diverse arthropod assemblages 
(Anderson and Ohmart 1977) and supports higher arthropod densities than saltcedar 
(Cohan et al. 1978, DeLay et al. 1999). Yard et al. (2004), however, suggested that 
saltcedar can support high arthropod abundances and may be useful to migrants. 
Furthermore, Mund-Meyerson (1999) reported that arthropod densities in saltcedar were 
not significantly different than cottonwood trees during the breeding season. My results 
indicate that saltcedar sites, in which birds exhibited higher refueling performance.
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actually had lower arthropod biomass. Comparisons of arthropod abundances should be 
viewed with caution, however, as differences in study sites beyond dominant vegetation 
type, such as flow regime, adjacent habitat types and other abiotic factors, may 
significantly influence estimates o f food availability. Additionally, problems exist with 
many sampling methods, including a lack o f the birds’ perception o f food availability and 
scale o f measurement problems (see Hutto 1990 for review). Avian foraging behavior, 
such as temporal attack rate (i.e. foraging attempts per unit time) may be a superior 
measure o f food availability (Hutto 1990). Relationships between prey availability and 
feeding rate have been demonstrated in numerous instances (Paszkowski 1982, Robinson 
and Holmes 1984, Hutto 1990). In my study, I found no difference in temporal attack 
rate between birds foraging in either saltcedar or native sites. These results differed from 
my estimates o f food availability obtained from arthropod sampling. I conclude that 
although fattening rates are higher is saltcedar, food resources were likely more abundant 
in native habitat.
Predation,- I observed more avian predators per field hour at saltcedar sites that at 
native sites (Table 2). Actual predation risk, however, is difficult to measure, and I found 
no carcasses as evidence o f predation. Ydenberg et al. (2002) contend that stopover 
habitat quality, as perceived by individual migrants, depends on the balance o f predation 
risk and energy accumulation. Fat-depleted migrants may be more likely to trade 
increased predation risk to meet energy requirements (Moore and Abom 2000), or may 
be less vulnerable to predators because o f reduced wing loading and other flight 
performance capabilities (Ydenberg et al. 2002). In my study, however, neither absolute 
body mass nor fat score differed between habitat types. In addition, the total number o f
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
83
predator observations and sightings per observation hour were low in both habitats and 
differences between habitat types were small (Table 2). Furthermore, I could not 
estimate detection probabilities in each habitat which could have affected my results 
significantly. I conclude that my crude measurement of predation risk was similar 
between habitat types and probably does not explain differences in fattening rates.
Further research in needed to understand the role o f predation in the stopover ecology o f 
migrants in this region.
Competition.- Migrants are often concentrated in small areas during stopover, a 
time o f heightened energy requirements, and competition probably occurs frequently 
(Moore et al. 1995). Here, detections of Wilson’s Warbler did not differ between habitat 
types. Detections o f  potential avian competitors, however, were significantly higher in 
native habitat than in saltcedar, suggesting that interspecific competition may be an 
important factor affecting refueling performance of Wilson’s Warblers between habitat 
types along the San Pedro River.
Moore and Yong (1991) demonstrated that migrants depress food abundance 
during stopover, and rate o f mass gain is affected by the density o f competitors at a 
stopover site. Along the San Pedro, higher numbers o f migrants in native habitat may 
decrease arthropod abundance and reduce individual rates o f  mass gain in native habitat. 
Alternatively, competition among migrants for access to available food resources may 
affect individual intake rates and thus, fattening rates (e.g. Carpenter et al. 1993). 
Numerous observations that migrants defend territories during stopover lend support to 
this possibility (e.g. Rappole and Warner 1976, Carpenter et al. 1983, Sealy 1988, 
Carpenter et al. 1993). In this study, the total number o f detections o f  Yellow Warbler
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ipendroica petechia)^ the most abundant vernal migrant along the San Pedro (Skagen et 
al. 1998), was much higher in native habitat than in saltcedar (native: n = 220; saltcedar: 
n = 3). In addition, a subspecies, the Sonoran Yellow Warbler (Dendroica petechia 
sonorana), breeds and defends territories in these riparian areas (Skagen et al. 1998), 
although not in saltcedar stands (see DeLoach 1991). Skagen (1995) reported a negative 
correlation between the abundance o f Wilson’s Warblers and the abundance o f  Yellow 
Warblers and other resident birds in the same foraging guild. Moreover, aggressive 
encounters between Yellow Warblers and Wilson’s Warblers were witnessed in my study 
and by Skagen (1995). Along the San Pedro, Wilson’s Warblers that utilize saltcedar 
might have better access to food resources, and thus, can attain higher fattening rates than 
warblers in native habitat. Further research incorporating foraging observations and 
interactions among species with refuelling performance could provide valuable insight 
into stopover ecology o f these passerine migrants.
In this study, analyses o f point count data did not account for birds present but 
not detected, because o f logistical limitations and low sample sizes. The number o f 
detections o f some species (e.g. Yellow Warbler), however, were extremely different 
between habitat types. While my point count results should be viewed with caution, I 
contend that large differences in the number o f detections between habitat types probably 
reflect differences in avian abundance rather than in detection probability. These 
differences lend support to interspecific competition as an important factor affecting 
refueling performance along the San Pedro River. Future research on stopover ecology in 
Southwestern riparian areas, however, should incorporate methods and analyses that can
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measure detection probability among species and habitat types, and adjust results 
accordingly.
Conclusions
During migratory periods, many birds are under time-minimizing selective 
pressures and may not have perfect knowledge o f available food resources, predation risk 
or competition rates at stopover sites (Shochat et al. 2002). Release from interference 
competition or exploitation competition in native habitat may allow Wilson’s Warblers to 
achieve higher fattening rates in saltcedar. Higher refuelling rates in saltcedar also 
suggest that at least some migrants benefit from saltcedar vegetation. Although it is 
important to note that I have data from only a single species, insectivores were previously 
thought to avoid saltcedar (Cohan et al. 1978). Saltcedar may provide suitable habitat 
structure to support adequate food resources and fulfil habitat requirements o f some 
migrants (Ellis 1995). Additionally, saltcedar mixed with native plant species may 
provide the diversity o f habitat structure for a diverse arthropod community historically 
supplied by cottonwood-willow forests (Leal et al. 1996). Monotypic stands o f saltcedar, 
however, may not provide suitable habitat for some migrant species (Yong and Finch 
2002). Limited availability o f suitable native vegetation may necessitate migrants’ use of 
exotic habitats (Yong and Finch 2002), and also concentrate migrants in patches o f native 
riparian vegetation. Restoration o f native riparian habitats in the arid zones o f the 
southwestern United States may improve refuelling performance for all migrants, 
especially species that do not use monotypic saltcedar stands. The total eradication o f 
saltcedar, however, is impractical, and the presence o f scattered native vegetation in
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saltcedar dominated areas may improve overall stopover habitat quality for some 
migrants (Anderson and Ohmart 1977, Ellis 1995).
This study demonstrated the value o f plasma metabolite profiling as a means to 
assess refueling performance between stopover habitat types. Metabolites provide 
instantaneous rates o f fat deposition with small numbers o f single captures. In 
conjunction with information on avian distributions, predation and food availability, 
plasma metabolites can provide valuable insight into avian stopover ecology. I strongly 
encourage the use o f  plasma metabolite techniques to measure refuelling performance in 
migrating birds, but caution against its use as a sole indicator o f  stopover habitat quality.
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C h ap te r V. M anagem ent Implications
Recently, scientists have begun to realize the importance o f migratory periods in 
the life cycle o f avian migrants. The performance o f migrants during stopover can be 
used to assess stopover habitat quality and provide managers with valuable information 
for habitat conservation and restoration priorities. Traditional techniques for the 
measurement o f refuelling performance o f avian migrants, however, have many 
shortcomings.
Plasma metabolite profiling provides instantaneous fat deposition rates with small 
numbers o f single captures. Plasma triglyceride levels appear to be the most reliable 
metabolite and can be used in a variety o f  species and settings in which information on 
dietary lipid content and composition is lacking. In addition, the small capture effort 
required by metabolite analyses allows for rapid assessment and ranking o f different 
stopover sites and habitat types. During migration, avian migrants can only be 
effectively managed during periods of stopover; therefore techniques such as plasma 
metabolite profiling that can rapidly provide information on habitat quality, are essential 
for the conservation of suitable stopover habitat.
Riparian zones in the southwestern United States support more migrants than the 
surrounding upland areas, yet they comprise less than 1% on the available habitat 
(Ohmart 1994). The loss o f these riparian areas could potentially result in the loss o f 
47% o f avian species that breed and migrate through the region (Knoff et al. 1988). In 
addition, the particular field system investigated in this study is under threat o f habitat 
alteration and water diversion, and is o f special concern to many government and non­
government organizations. Millions o f migrants stopover along the San Pedro River each
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year, and the San Pedro Riparian National Conservation Area was designated to protect 
and enhance the desert riparian ecosystem, with an emphasis on migrating birds. In spite 
of this, knowledge concerning avian performance during migratory stopover in different 
riparian habitats is extremely limited. This study provided valuable insight into avian 
responses to the invasion o f riparian systems by exotic vegetation. Results from this 
study suggest that some migrants can utilize saltcedar and that restoration and 
conservation o f small pockets o f native habitat may enhance stopover habitat quality 
significantly. With the information provided by this study, managers can make informed 
decisions and manage riparian systems for stopover habitat more effectively and 
efficiently.
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A ppendix I. Table 1. Mean number of detections (± SE) per census point in saltcedar 
and native cottonwood-willow forests for each species detected during spring migration 
2003 along the San Pedro River. Species are split into foraging guilds as reported by 
Skagen (1995).
Species Native SE Saltcedar SE
Carnivores
Common Black Hawk (JButeogallus
anthracinus) 0.00 0.00 0.07 0.07
Gray Hawk (Buteo nitidus) 0.00 0.00 0.20 0.20
Turkey Vulture (Cathartes aura) 0.07 0.07 0.00 0.00
Common Raven (Corvus corax) 
Frugivores
0.07 0.07 0.07 0.07
Cedar Waxwing {Bombycilla
cedrorum) 0.07 0.07 0.00 0.00
Phainopepla (Phainopepla nitens) 
Granivores
0.00 0.00 0.07 0.07
Abert's Towhee (JPipilo aberti) 
Common Ground Dove (Columbina
3.20 0.46 0.67 0.21
passerina) 0.07 0.07 0.07 0.07
Gambel's Quail (Callipepla gambelii) 0.00 0.00 0.07 0.07
House Finch {Carpodacus mexicanus) 1.73 0.43 3.00 0.56
Lesser Goldfinch {Carduelis psaltria) 1.00 0.34 0.53 0.19
Mallard {Anas platyrhynchos) 0.53 0.26 0.13 0.13
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Mourning Dove (Zenaida macroura) 1.00 0.40 0.33
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0.23
Northern Cardinal (Cardinalis 
cardinalis) 0.13 0.09 0.20 0.14
Pyrrhuloxia {Cardinalis sinuatus) 0.07 0.07 0.00 0.00
White-winged Dove {Zenaida asiatica) 0.60 0.24 1.20 0.30
res
Ash-throated Flycatcher (Myiarchus 
cineracens) 0.13 0.09 0.40 0.19
Brown-crested Flycatcher {Myiarchus 
tyrannulus) 0.13 0.09 0.00 0.00
Western Kingbird {Tyrannus 
verticalis) 0.07 0.07 0.00 0.00
Bell’s Vireo {Viero bellii) 0.87 0.29 1.60 0.50
Bewick's Wren {Thryomanes bewickif) 4.20 0.53 1.73 0.46
Black-tailed Gnatcatcher {Polioptila 
melanura) 0.07 0.07 0.00 0.00
Black Phoebe {Sayomis nigricans) 0.20 0.11 0.07 0.07
Black-throated Gray Warbler 
{Dendroica nigrescens) 0.07 0.07 0.00 0.00
Bullock's Oriole {Icterus bullockif) 0.93 0.30 0.40 0.13
Cassin's Kingbird {Tyrannus 
vociferans) 1.13 0.27 0.60 0.24
Cassin's Vireo {Vireo cassinii) 0.07 0.07 0.00 0.00
Common Yellowthroat {Geothlypis 
trichas) 3.60 0.71 1.93 0.64
Gray Flycatcher {Empidonax wrightii) 0.07 0.07 0.00 0.00
Hammond's Flycatcher {Empidonax 
hammondii) 0.13 0.09 0.07 0.07
House Wren {Troglodytes aedon) 0.20 0.14 0.00 0.00
Ladder-backed Woodpecker {Picoides 
scalaris) 0.40 0.16 0.20 0.14
Lucy’s Warbler (Ferwfvora luciae) 2.53 0.51 2.53 0.73
Northern Beardless Tyrannulet 
{Camptostoma imberbe) 0.33 0.13 0.13 0.09
Northern Rough-winged Swallow 
{Stelgidopteryx serripennis) 0.80 0.34 0.67 0.21
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celata) 0.13 0.13 0.00
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0.00
Pacific-slope Flycatcher {Empidonax 
dijjficilis) 0.07 0.07 0.00 0.00
Ruby-crowned Kinglet {Regulus 
calendula) 0.73 0.25 0.07 0.07
Summer Tanager {Piranga rubra) 2.80 0.39 0.27 0.12
Vermillion Flycatcher {Pyrocephalus 
rubinus) 3.33 0.80 0.33 0.33
Verdin {Auriparus flaviceps) 0.27 0.15 0.07 0.07
Violet-green Swallow {Tachycineta 
thalassina) 0.00 0.00 0.07 0.07
Virginia's Warbler (Vermivorapinus) 0.07 0.07 0.00 0.00
Warbling Vireo {Vireo gilvus) 0.40 0.24 0.00 0.00
White-breasted Nuthatch {Sitta 
carolinensis) 0.33 0.13 0.00 0.00
Western Tanager {Piranga 
ludoviciana) 0.00 0.00 0.07 0.07
Wilson's Warbler {Wilsoniapusilla) 3.28 0.59 1.67 0.36
Western Wood Pewee {Contopus 
sordidulus) 0.27 0.15 0.00 0.00
Yellow-breasted Chat {Icteria virens) 1.93 0.30 2.67 0.58
Yellow Warbler {Dendroica petechia) 0.20 0.11 14.67 1.97
Nectarivores
Black-chinned Hummingbird
{Amazilia violiceps) 1.40 0.35 1.13 0.24
Omnivores
Brown-headed Cowbird {Molothrus 
ater) 1.20 0.26 2.67 0.68
Black-headed Grosbeak {Pheucticus 
ludovicianus) 0.07 0.07 0.00 0.00
Brewer’s Sparrow {Spizella breweri) 0.07 0.07 0.00 0.00
Black-throated Sparrow {Amphispiza 
bilineata) 0.20 0.11 0.00 0.00
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Chipping Sparrow {Spizella passerina) L13 0.36 1.00 0.49
Green-tailed Towhee {Pipilo 
chlorurus) 0.07 0.07 0.13 0.09
Lark Sparrow {Chondestes 
grammacus) 0.00 0.00 0.13 0.13
Lincoln's Sparrow (Melospize linconii) 0.33 0.13 0.00 0.00
Song Sparrow {Melospiza melodia) 2.93 0.53 0.27 0.15
White-crowned Sparrow {Zonotrichia 
leucophrys) 0.07 0.07 0.07 0.07
Gila Woodpecker (Melanerpes 
uropygiallis) 0.93 0.33 0.07 0.07
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Appendix II. Table 1. Number and biomass (g) o f arthropods collected in saltcedar and 
native habitat along the San Pedro River, Spring 2003. Data are presented by order and 
size class (mm in length).
Order Size class (mm) Number Biomass
Saltcedar
araneida 0-5 137 0.084
5-10 10 0.036
10-15 0 0
>15 0 0
coleoptera 0-5 106 0.184
5-10 4 0.032
10-15 0 0
>15 0 0
diptera 0-5 35 0.015
5-10 5 0.008
10-15 0 0
>15 0 0
ephemeroptera 0-5 0 0
5-10 1 0.003
10-15 0 0
>15 0 0
hemiptera 0-5 304 0.054
5-10 1 0.004
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10-15 1 0.005
>15 0 0
homoptera 0-5 545 0.234
5-10 1 0.003
10-15 0 0
>15 0 0
hymenoptera 0-5 162 0.063
5-10 7 0.014
10-15 1 0.005
>15 0 0
lepidoptera 0-5 19 0.008
5-10 3 0.007
10-15 8 0.015
>15 4 0.04
neuroptera 0-5 0 0
5-10 1 0.001
10-15 0 0
>15 0 0
orthoptera 0-5 16 0.064
5-10 7 0.051
10-15 24 0.096
>15 2 0.035
psocoptera 0-5 1 0
5-10 0 0
10-15 0 0
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>15 0 0
Native
araneida 0-5 497 0.28
5-10 24 0.099
10-15 0 0
>15 0 0
coleoptera 0-5 189 0.2
5-10 26 0.198
10-15 0 0
>15 0 0
diptera 0-5 423 0.1
5-10 20 0.033
10-15 1 0.003
>15 0 0
ephemeroptera 0-5 7 0.002
5-10 0 0
10-15 0 0
>15 0 0
hemiptera 0-5 1227 0.214
5-10 12 0.04
10-15 6 0.107
>15 0 0
homoptera 0-5 1047 0.331
5-10 7 0.018
10-15 0 0
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>15 0 0
hymenoptera 0-5 474 0.189
5-10 9 0.02
10-15 1 0.008
>15 0 0
lepidoptera 0-5 156 0.035
5-10 29 0.055
10-15 25 0.117
>15 4 0.118
neuroptera 0-5 17 0.017
5-10 6 0.015
10-15 6 0.019
>15 0 0
odanata 0-5 0 0
5-10 0 0
10-15 0 0
>15 1 0.008
orthoptera 0-5 39 0.054
5-10 21 0.086
10-15 2 0.099
>15 0 0
psocoptera 0-5 4 0.002
5-10 0 0
10-15 0 0
>15 0 0
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trichoptera 0-5 0 0
5-10 1 0.002
10-15 0 0
>15 0 0
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